Tailoring Electrolytes and Ion Permeable Membranes For Potential Redox Flow Battery Applications. by Mallinson, Sarah L.
Tailoring Electrolytes and Ion Permeable Membranes for 
Potential Redox Flow Battery Applications
by
Sarah L. Mallinson, MChem
Submitted for the degree o f Doctor o f Philosophy
Department o f Chemistry 
The University o f Surrey
March 2014
© Sarah L. Mallinson 2014
ProQuest Number: 27607836
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27607836
Published by ProQuest LLO (2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
Abstract
Energy storage is a solution to the problem of renewable energy intermittency. The 
vanadium redox flow battery (VRPB) is one such energy storage technology, allowing 
energy to be stored electrochemically in vanadium electrolytes until required. The 
advantages of VRFBs include independently scalable energy and power 
characteristics, high reliability and long life time. The broad aim of this work was to 
investigate the main problems VRFBs currently present: 1. temperature stability of the 
vanadium electrolyte, and 2 . chemical stability and vanadium cation permeability 
issues of the ion permeable separator membrane.
It was determined that the concentrations of vanadium and sulfuric acid in the 
electrolyte have a greater impact on thermal stability than the presence of additives. 
Decreasing the sulfuric acid concentration, improves cold temperature stability of the 
vanadium electrolyte without impeding stability at elevated temperature.
The testing of commercial VRFB membranes indicated that there is an upper limit to 
beneficial ionic conductivity. With this in mind, several radiation grafted ion 
exchange membranes were synthesised and characterised. Results show that the 
higher the degree of grafting (functionality) and associated ionic conductivity, the 
higher the susceptibility to vanadium cation cross-over. In order to lower vanadium 
cation permeability, a more crosslinked and dense membrane structure was found to 
be advantageous. It was shown that the highly oxidising vanadium(V) species causes 
significant chemical degradation (via oxidation) of many different membrane 
functional groups. Amine-functionalised anion exchange membranes show high 
susceptibility to oxidation by vanadium(V). Carboxylic acid groups potentially show 
higher chemical stability and lower vanadium cation permeability than the amine- 
containing functional groups.
A VRFB cell was commissioned and its key operating conditions were optimised. A 
low current density was required to allow effective charge-discharge cycling. The 
novel use of a conductive graphite ink (Electrodag) between the felt electrode and 
current collector, achieved a fivefold reduction in the internal resistance of the VRFB 
due to improved electrical contact.
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AC Alternating current
Aeon A Aconitic acid
AEM Anion exchange membrane
AS Allyl sulfonate
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NMR Nuclear magnetic resonance
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Poco Polymer composite
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Redox Reduction-oxidation
RFB Redox flow battery
TMA Trimethylamine
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IV
UV-Vis Ultraviolet-visible
VBC Vinylbenzylchloride
VBS Vinylbenzylsulfonate
VE Voltage efficiency
VRFB Vanadium redox flow battery
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Chapter 1 : Introduction
1. Introduction
1.1. The Importance of Energy Storage
World energy consumption is expected to increase by 56% over the 30 years between 
2010 and 2040 (1). This extra energy will be provided through a variety of sources -  
coal, gas, nuclear and renewable technologies. With non-renewable energy supplies, 
such as coal and gas, running out, more focus is being placed on renewable energy 
sources. One of the big issues in the production of energy, especially from renewable 
sources, is being able to balance the supply of energy with the demand. For example, 
wind turbines can only produce significant amounts of energy when it is windy. 
During the night and on cloudy days, solar panels also produce limited amounts of 
energy. This results in variable energy production. Energy storage provides a 
solution which allows the energy produced during optimum conditions, to be stored 
until it is required. Nuclear energy will also provide a greater proportion of our 
energy in future years (2). Energy storage allows power stations to balance 
production of electricity with demand, through Toad levelling’, with storage and 
recovery of energy as required. Internationally, governments are now stressing the 
need for integrating energy storage technologies in to the so-called ‘Smart Grids’ of 
the future (3).
Energy storage can be divided into several types: mechanical, chemical, thermal, 
electrical and biological. An early solution to the problem of storing energy for 
electrical purposes was the development of the lead-acid battery (4). However, 
conventional batteries have limited use in electrical power systems as they have 
relatively small energy storage capacity and high cost. A number of different energy 
storage technologies have been developed such as pumped-hydro, supercapacitors 
and advanced batteries.
1
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Lithium-ion batteries have received much government and industry support, 
especially for their use in electric vehicles (5). Lithium batteries offer the very high 
energy densities needed for electric vehicle applications but still suffer from high 
costs, long re-charge times and safety concerns (6 , 7).
Pumped hydro is the most common type of energy storage used currently, with 
127 GW of the 128 GW worldwide storage capacity (8 ). Pumped hydro works by 
pumping huge quantities of water from a reservoir at lower elevation to a higher 
elevation one using low cost ‘off peak’ electricity. By releasing the stored water 
through turbines, the gravitational potential energy of the water is converted into 
electricity for use at peak times. However, this type of system is limited by slow 
response times and plants must be sited in mountain regions where the geographical 
conditions are suitable (8 ).
Thermal energy storage is achieved with many different technologies (such as heat 
pumps and solar collectors), but all involve excess thermal energy being collected for 
use when required at a later time. Thermal storage technologies offer high power and 
high energy but slow response times (8).
Flywheel energy storage involves a rotor (flywheel) being accelerated to very high 
speeds and maintaining the energy in the system as rotational energy. Some flywheel 
technologies are capable of coming up to speed in a matter of minutes and thus, 
reaching their energy capacity much more quickly than other energy storage 
technologies (9).
Electric double layer capacitors (supercapacitors) are used mainly to assist other 
power supplies as they are capable of delivering significant amounts of energy 
quickly but only for short periods of time. Then the slower, long-term energy storage 
system takes over. Supercapacitors, coupled with another long term energy storage 
technology, are of particular interest in electric/hybrid vehicles (8 ).
Currently, each energy storage technology has some inherent limitations or 
disadvantages that make it practical for only a limited range of applications.
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Electrochemical systems can be seen as superior compared to the mainly mechanical 
systems when combining requirements in performance and cost (3). Electrochemical 
energy storage systems are able to store energy from a variety of sources as they 
directly convert between chemical energy and electrical energy. Additional 
advantages include (3):
• Not limited by geographical or geological requirements (unlike pumped
hydro or subterranean compressed air systems).
• Modular systems that can be used in applications ranging from a few kWh to 
several MWh.
• Very fast response times (milliseconds).
• Low environmental impact, allowing them to be situated near residential
areas.
1.2. What is a Redox Flow Battery?
A redox flow battery (RFB) is a type of rechargeable battery that converts chemical 
energy directly into electricity. Electrolyte solutions containing the electroactive 
species are stored externally and pumped into the cell when required. The 
electrochemical cell consists of two electrodes separated by an ion exchange 
membrane. Fuel cells differ from flow batteries because the chemical reaction 
involved in a flow battery is reversible, meaning that they can be recharged without 
replacing the electroactive material.
The electrolytes in each half-cell store the energy chemically as solutions and are 
pumped round the cell where electron transfer (redox) reactions occur at inert 
electrodes, such as carbon or graphite. The electrolyte solution contains the electro- 
active species and a high concentration of a supporting electrolyte to minimise any 
solution resistance. The two half-cell electrolytes must have different 
electrochemical potentials; the greater that difference, the more energy that can be 
stored. Through the redox process of the two electrolytes, energy is stored within the 
solutions: the energy capacity of the system is determined by the concentration of the
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electro-active species and the volume of the electrolyte; the power of the system is 
determined by the number of cells coupled together to form a stack and the area of 
electrode. As the power of a RFB is determined by the size of the stack and the 
energy is determined by the volume and concentration of electrolyte, it is possible to 
independently optimise the RFBs storage capacity and its power output leading to 
greater flexibility in design. This unique feature also allows RFBs to be tailored to 
suit different applications. The cost per kWh of RFBs decreases substantially with 
increasing storage capacity, making RFBs particularly suitable when storage times 
are in excess of 4 - 6  hours (3).
The undesirable electrode processes, such as the structural changes associated with 
the electrodes in a lithium ion battery (6 ), are eliminated because the electrodes in a 
RFB are simply there to electrochemically interact with the electro-active species 
(not to undergo chemical or structural changes). RFBs also have simple electrode 
reactions; no high temperatures are required, no life cycle limitations for the redox 
couples and the electrochemically reversible reactions mean that the electrolytes can 
be recycled. One of the drawbacks with RFBs (compared to other batteries) is their 
size. The electrolyte storage tanks can be quite bulky to meet some application 
requirements, which is a disadvantage when space is limited -  in commercial 
buildings or in vehicles for example. Another issue is the potential toxicity of some 
of the chemicals used, such as bromine. For those reasons, RFBs are more attractive 
as stationary storage devices for load-levelling and stand-alone purposes (3, 10, 11).
Hybrid RFBs and redox fuel cells have similar characteristics to RFBs. Hybrid RFBs 
use the deposition of solid species onto electrodes in one of their half-cell reactions. 
The redox fuel cell utilises a fuel and an oxidant to chemically regenerate the two 
redox solutions in situ.
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1.3. History
The first basic fiow battery developed was the zinc-chlorine battery in 1884. In 1973 
the National Aeronautics and Space Administration (NASA) founded the Lewis 
Research Centre in Ohio with the object of researching electrically rechargeable fiow 
batteries. This centre went on to develop the first prototype iron-chromium redox 
storage system in 1981 (12). Also around this time, research was done into a single­
electrolyte system - titanium(III)/titanium(IV) (13) - and a hybrid redox-halogen 
(chromium-chlorine) fiow battery (14). Denno et al developed a singular way of 
recharging RFB’s using ocean thermal energy (12). This involves using the 
temperature difference between cooler deep and warmer surface ocean water to run 
an engine and produce electricity. This energy can then be stored in a RFB.
The all-vanadium RFB (VRFB) was first successfully demonstrated and 
commercially developed in 1984 by Skyllas-Kazacos et al at the University of New 
South Wales in Australia (15). Since the early 1980’s, much work has been done on 
iron(II)/iron(III) and chromium(II)/chromium(III) electrolytes as well as the 
circulating zinc-bromine battery (12). The performance of different redox couple 
fiow batteries has also been investigated. For example, the fouling mechanisms on 
separator membranes in iron-chromium batteries (16), discharge performance of 
titanium-chromium fiow batteries and Sumitomo Electric Industries patented porous 
carbon grid and graphite current collectors in the search for suitable electrode 
materials (1 2).
1.4. Applications
Flow batteries have many applications especially in relatively large stationary 
applications (kWh -  many MWh). They can be used in load-levelling, where cheap 
night time electricity is stored and provided during the day when demand is higher. 
In 1997, Kashima-Kita built a 200 kW 4 hour-rate battery which connects to the 
company’s power plant grid system for load levelling (17).
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Flow batteries are also applicable in situations where an uninterruptible power supply 
is needed, such as in hospitals. In 2001 a flow battery system was built in South 
Africa which was the first large scale commercial trial of user-based applications 
(15). Electric vehicles, which use fiow batteries to store electricity, are being heavily 
invested in by many governments, particularly using VREB’s. The Chinese 
government is currently developing electric buses and taxis that can use redox fiow 
batteries (15).
Flow battery energy storage systems are being developed for use in stand-alone 
village power applications and for electric utility services. Renewable energy 
sources, such as solar photovoltaic cells or wind turbines, supply the primary power 
and the electrochemical system stores energy for load-levelling (18). Energy storage 
is a crucial requirement for remote power systems. Polysulfide-bromide RFB 
batteries have the potential to be used on submarines and ships, replacing standard 
lead-acid batteries (19). A 120 MW h, 15 MW energy storage unit using polysulfide- 
bromine batteries has been constructed and completed in 2003. The alternatives to 
fiow batteries, such as lead-acid batteries, are expensive and not easy to maintain 
(19).
1.5. All-Vanadium Redox Flow Battery
The VRFB (Figure 1.1) consists of two electrolyte tanks of 
vanadium(II)/vanadium(III) and vanadium(IV)/vanadium(V) usually in sulfuric acid 
solutions. These tanks are connected to two electric pumps and the cell (usually as 
part of a battery stack); the electrolytes are pumped into the different halves of the 
cell, separated by an ion-permeable membrane. The electrochemical reaction to 
charge the cell begins with electrons being supplied to the battery from an external 
source (wind turbine or solar cell for example), which oxidises the vanadium(IV) to 
vanadium(V) (positive electrolyte) and simultaneously reduces vanadium(III) to 
vanadium(II) (negative electrolyte). The electrodes within RFBs tend not to be
Chapter 1 : Introduction
designated as the anode or cathode because it causes confusion as these terms depend 
on whether the battery is charging or discharging.
Charge
Charge
VO-' + H ,/) ^  V O / + c + 2H 
0
Charge 
^ — A  y 9 ,
Figure 1.1 - Schematic of a vanadium redox flow battery with the equations for the chemical 
processes involved in charging the battery (coloured boxes show the oxidation state of the 
vanadium and its corresponding colour in dilute solution).
When compared with other RFB’s, such as zinc-bromine and lead-acid, the 
vanadium RFB provides higher energy efficiency, longer operation life and 
significant cost savings, as illustrated in Table 1.1 (15). Three main components 
affect the energy conversion process: ion exchange membrane, liquid electrolytes 
and inert electrodes (2 0 ).
Table 1.1 -  Comparison of some of the different chemistries used in redox flow batteries (15).
Chemistry
Energy
Efficiency
(%)
Size Range 
(MWh)
Cycle Life 
(charge/discharge 
cycles)
Operational
Temperature
(°C)
V-V 78 0.5- 100 13000 Ambient
Zn-Br 68 0.05 - 1 2500 50
Na-S 65-70 0.15 - 1 3000 350
Pb-Acid 45 0.001 -40 1 0 0 0 Ambient
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Vanadium is commonly used in RFB’s as it is a relatively abundant metal 
(abundance in earth’s crust is 190 ppm) when compared to zinc (79 ppm) and lead 
(10 ppm) (21). Extracting vanadium from its ore is relatively simple and therefore 
inexpensive, but the multiple purification steps required to remove impurities 
harmful to battery performance adds to the cost. Vanadium can also be found in 
waste material from industrial processes. It can be extracted and reused, making it 
potentially more economically viable. For example vanadium is reasonably abundant 
in China, which has roughly 11.6% of world reserves (15). Stainless steel 
manufacturing produces vast amounts of waste slag, rich in vanadium, most of which 
is currently not reused. Research is being carried out to optimise vanadium retrieval 
from such sources (15).
Scale-up is a key issue for all flow battery technologies. Large scale VRFB’s provide 
low self-discharge and low construction cost together with high safety, reliability, 
high output power and a relatively high energy density capability. The vanadium 
chemistry is more easily recyclable after use, in comparison with other RFB’s (17). 
The VRFB is one of the only flow batteries that utilises ions of the same metal in 
both half-cells, which has the benefit of eliminating some of the issues with cross­
contamination as experienced, for example, by the iron-chromium flow battery (15).
There has been much research trying to model VRFB’s, to aid understanding of the 
system itself and its performance (22, 23). One major source of inaccuracy in this 
type of modelling is in predicting cell voltage. In this area there is usually a 
discrepancy between the experimental and the computer modelled data. With cell 
voltage errors of around 140 mV, Khehr et al. have investigated this problem and 
found a more complete description of the Nemst equation is required (20). A Donnan 
potential exists across the membrane as a result of the unequal concentrations of 
protons in the two electrolytes. The proton concentration at the positive electrode is 
also important because the protons are involved in the redox reaction and therefore 
their concentration will alter the equilibrium at the positive electrode. An alternative 
version of the Nemst equation that takes into account the concentration of the 
protons in the system results in data that show excellent agreement between 
experimental and modelled data (20). Khehr et al have also described the complex
8
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electrolyte processes involved in a VRFB (Figure 1.2). This indicates that there is a 
1:1:1 ratio between the vanadium moieties, protons and electrons. The ion-permeable 
membrane needs to be able to supply only enough protons to equal the electrons 
flowing around the circuit, thus theoretically there is no performance benefit in a 
membrane which conducts more protons than are needed to balance the charges (2 0 ).
P ositive ElectroI}te 
(vanadium 4~  /  5")
N egative E lectrobte  
(vanadium 3~ /  2")
voso.
0- -
Load
Figure 1.2 -  Electrolyte interactions within a VRFB, with the blue central line indicating the 
cation exchange membrane. Adapted from (20).
1.5.1. Ion-Permeable Membrane
The membrane in any RFB has two functions: to prevent cross-contamination of the 
two electrolytes and to conduct protons (15, 24, 25). Membranes used in VRFB’s 
ideally have the following properties: low permeability, long lifetime and sufficient 
proton conductivity (24).
Ion exchange or ion-permeable membranes are used in many types of RFBs. The 
process of ion exchange occurs when the mobile counter ions are replaced by other 
ions with the same charge from the solution. Ion exchange is a reversible and
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stoichiometric process. The ease with which counter ions are exchanged depends on 
bond strength. Ion exchange membranes are classified into cation and anion 
exchange membranes (CEM or AEM) depending upon the type of functional groups 
on the membrane. CEMs contain negatively charged groups such as sulfonates and 
phosphates whereas AEMs contain positively charged groups such as amines. At a 
molecular level, the proton transport in a CEM is described via two possible 
mechanisms. The first is the Grotthus mechanism (proton hopping) where the 
protons ‘hop’ from one hydrolysed ionic site to another (in other words; from 
functional group to functional group) (26). Alternatively, a ‘vehicle’ mechanism can 
also be involved. This involves the hydrated proton (in the form of HgO^) diffusing 
through the aqueous solution permeating the membrane; in other words the proton is 
carried through the membrane via the water molecules.
Recently it has been determined that it is the vehicular mechanism that is largely 
responsible for the conductivity in perfluorinated sulfonate membranes such as 
Nafion. This implies that the hydrophilicity of a membrane (water uptake) is a 
significant factor in its conductivity, rather than its functionality. AEMs are widely 
assumed to conduct anions via the ‘hopping’ mechanism -  anions travel from one 
positively charged group to another, through the membrane. However in terms of 
proton conductivity, there is no reason protons cannot travel via the vehicular 
mechanism through the membrane structure, therefore the hydrophilicity of an AEM 
could also be crucial.
VRFB electrolytes contain cationic species (hydrated vanadium cations) which can 
diffuse through the membrane (along with the protons) causing ion cross-over 
between the positive and negative half-cells (partially chemically short-circuiting the 
cell). This results in self-discharge together with a decrease in cell performance. 
Figure 1.3 illustrates how self-discharge takes place from work done by Sun et al 
(27). These side reactions result in conversion of ‘charged’ vanadium species (V0 2  ^
and V^"*") to ‘discharged’ species (VO^  ^ and V^ "^ ). These reactions also result in 
production of vanadium species that are not native to that electrolyte, for example 
production of vanadium(IV) ions in the negative electrolyte and production of 
vanadium(III) ions in the positive electrolyte. This work was carried out over the first
10
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charge/discharge cycle of the VRFB (approximately 90 minutes); a longer term study 
over many cycles would be more applicable and potentially reveal long term trends 
in permeation. Teng et al. found that as vanadium(IV) permeates through the 
membrane, it reduces proton conductivity by lowering proton concentration in the 
membrane (28).
Positive Electrolyte 
(vanadium 4  ^/ 5~)
Negative Electrolyte 
(vanadium 3~ / 2~)
V--
-V--
y2-
Ion Permeable 
Membrane
Figure 1.3 -  The unwanted redox reactions that occur during the first cycle of a VRFB (I charge 
and 1 discharge taking a total of 90 minutes) due to permeation of vanadium species across the 
membrane (the colour denotes the oxidation state of the vanadium species). Adapted from (27).
Sun et al. (27) studied the fouling (by vanadium species) of Nafion during VRFB 
operation and found cation deposition on the membrane surface and cation 
accumulation inside the proton conducting channels. It was determined that 
vanadium(V) is the predominant species being deposited on the membranes’ surface. 
Vanadium(V) is thought to be the most prolific surface cation due to its low 
diffusivity compared to the other vanadium species (27). Vijayakumar et al. found 
that this surface-deposited vanadium(V) can be removed simply by refluxing the 
membrane in water; they conclude it is likely that the vanadium(V) species was 
attached to the membranes’ surface via hydrogen bonding and not by covalent bonds,
II
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which would be harder to break (29). It was also determined that vanadium(IV) is the 
only species found in the channels within the membrane’s core, despite the fact that 
vanadium(II) had the highest diffusivity across the Nafion membrane (27). This is 
thought to be due to the fact that the membranes were extracted and tested from a 
fully discharged VRFB the only species available at 0% state of charge are 
vanadium(IV) and vanadium(III). As vanadium(IV) has the highest diffusivity of the 
two species available, it is found in the core and not vanadium(III) (29). 
Furthermore, the presence of vanadium(IV) species inside Nafion’s conducting 
channels, reduces the water content in the localised area and therefore lowers the 
ionic conductivity in that area (29).
Sun et al (27) determined that the diffusion coefficients for the different vanadium 
species are as follows: V^  ^> VO^  ^> VO]^ > V^ .^ The primary reason for permeation 
is the transfer of water which includes vanadium ions bound to water molecules and 
the corresponding transfer of protons (in the form of HgO^). Over many cycles, the 
net transfer of water in a VRFB is towards the positive half-cell (from 
vanadium(II/III) towards vanadium(IVA^) (27).
The perfiuorosulfuric acid polymer membrane, Nafion® is a very commonly used 
membrane (Figure 1.4) in several types of fiow battery and in many types of fuel cell 
as well. Nafion is a commercial membrane produced by DuPont, for use in the 
chloro-alkali industry originally. Most early types of commercial membranes are 
unsuitable for use in VRFB’s as they degrade when exposed to vanadium(V), for 
example Selemion CMV and DMV, produced by Asahi Glass (25).
(°— W CSO,H
'  CF3
Figure 1.4 -  The schematic local structure of Nafion® (30).
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Extensive research is being done into modifying Nafion to reduce vanadium 
permeability. Research has found that a polyethylene-based membrane exhibits only 
a quarter of the permeability of Nafion in vanadium(V) (aq, 2 mol dm'^) in sulfuric 
acid (aq, 3 mol dm'^) for two years (30). Other examples of research involving 
Nafion include recasting with inorganic nanoparticles (29), surface modification with 
thin metal films or with a polyelectrolyte multilayer (31), hot pressing with another 
proton conducting membrane (32), in situ sol-gel reaction to introduce inorganic 
oxide nanoparticles into the bulk Nafion (12).
A polysulfone AEM has been synthesized by Shibata et al. and was found to have 
lower permeability and a longer life cycle than Nafion (17). Teng et al. have 
synthesized a low cost poly(vinylidiene fiuoride)-graft-(polystyrene sulfuric acid) 
(PVDF-g-PSSA) membrane using a solution casting method. This membrane was 
tested against Nafion and exhibits high conductivity and has significantly lower 
vanadium cation permeability. During this study it was noted that vanadium(III) ions 
had the highest permeability through both membranes tested, whereas vanadium(V) 
ions showed the lowest permeability. VRFB cells exhibit higher performance using 
the PVDF-g-PSSA membrane as opposed to Nafion 117, achieving 75.8% energy 
efficiency at 30 mA cm'  ^(25).
Chen et al. have produced a novel sulfonated poly(arylene ether sulfone) membrane 
via step polymerisation using chlorosulfuric acid (24). Also, this type of membrane 
has been solution cast and optimised for thickness to obtain the best VRFB cell 
performance. It was found that a 45 pm membrane produces optimal cell 
performance because it balances proton conductivity and vanadium cation 
permeability (33). These types of membranes are highly thermally and chemically 
stable due to their rigid backbones. In another paper, Chen et al. have synthesized a 
low cost membrane exhibiting a low cell self-discharge rate, a sulfonated 
poly(fiuorenyl ether ketone) (SPEER). This membrane showed lower permeability to 
vanadium cations than Nafion. Open circuit voltage (OCV) determination indicates 
that SPEER is superior to Nafion 117 in self-discharge tests. Energy efficiencies and 
power densities are higher than with Nafion 117 at the same current densities.
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SPEER provided 80.3% coulombic efficiency, whilst Nafion gives 77.0% and these 
membranes showed similar stability in electrolyte (34).
To improve the selectivity of Nafion - reduce cross-over of vanadium ions and 
reduce water transfer - Teng et al utilised the sol-gel method to obtain a composite 
membrane of Nafion/organic silica modified titanium dioxide 
(Nafion/silicon/titanium hybrid membrane) (25, 31). The sol-gel method of creating 
composite membranes is already widely used to improve the performance of fuel 
cell’s, particularly Nafion/silicon dioxide and Nafion/titanium dioxide (35). 
Coulombic efficiency, ion exchange capacity, area resistance and water uptake are all 
improved in the composite when compared to the unmodified Nafion (25).
The introduction of sulfone groups enhances the chemical and their mechanical 
stability because some membranes can become fragile when cast into films (24). 
Results showed that oxidative stability increased with an increasing degree of 
sulfonation. On comparison with Nafion 117, the sulfonated membranes exhibit 
lower water uptake and higher proton conductivity, as well as functioning in an 
operational cell (24).
The work done in modifying Nafion is still subject to the high cost of Nafion itself. 
Another disadvantage of perfluorinated membranes is the safety concern arising from 
the evolution of toxic intermediates at high temperatures during manufacturing as 
well as in accidents such as vehicle fires. Solution casting allows greater control over 
membrane properties and is a cheaper route than modifying Nafion. However, 
casting polymer films of even, consistent thickness without pinholes can be very 
difficult and time consuming.
Radiation grafting is an alternative approach which sees a previously inert membrane 
backbone (such as polyethylene (PE)) exposed to a radiation source, typically a 
gamma ray or electron beam. This breaks bonds within the PE structure and leaves 
radicals which can then act as active sites onto which to graft functional groups. 
Radiation grafted membranes have a major advantage of utilising pre-formed 
commercial polymer films, alleviating the need for film-formation steps as well as
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being a cheaper option. This type of membrane synthesis has been extensively 
researched for fuel cell membranes. Mamlouk et al. and Varcoe et al. grafted 
aminated PE-based or ethylene tetrafluoroethylene (ETFE)-based AEMs for fuel 
cells (36-38). Mamlouk et al. found that sulfide-based functional groups have lower 
stability compared to amine-based groups and increased chain length (within the 
functional group) led to lower conductivity (39).
In recent years, research has focussed on using AEMs in VRFBs, with the potential 
for reducing vanadium cation cross-over (permeability). Chen et al. found that a 
quaternary ammonium functionalised poly(fluoroenyl ether) AEM (solution cast) had 
very low permeability to vanadium(V) species, resulting in 100% coulombic 
efficiency during VRFB cell testing (40). The relationship of increased functionality 
(higher lECs) resulting in higher vanadium permeability was found using modified 
commercial membranes by Chen et al. (41).
1.5.2. Electrode Materials
The electrodes in flow batteries should possess high electric conductivity and a long 
cycle life in sulfuric acid containing concentrated and highly oxidising pentavalent 
vanadium ion (VO]^). Huang et al. investigated potential electrode materials - glassy 
carbon, carbon cloth, carbon felt and graphite powder composite materials (titanium, 
lead, gold or carbon). The carbon containing materials, especially the graphite felt, 
provided a comparable performance to metal because of the carbons’ high specific 
surface area and good stability. However, the power density and voltage efficiency of 
the cell is limited by the poor electrochemical activity of graphite felt (15).
Yue et al. is one of many research groups developing new electrode materials. The 
functionalization, using hydroxyl groups, of carbon fibres shows increased activity 
towards redox reactions; average energy efficiencies reached 75.1% (42). Yue et al. 
have focussed on the mechanism for increasing the activity of carbon fibres by using 
hydroxyl groups (42). Their proposed mechanism involves the transport of vanadium 
ions from the electrolyte onto the electrode surface, their ion exchange with the
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hydrogen ions (from the hydroxyl groups) on the carbon and the following electron 
transfer reaction. The results indicate that the higher the hydroxyl content on the 
electrode, the higher the surface concentration of vanadium ions; thus producing a 
larger current (42). Their research suggests that the vanadium(II)/vanadium(III) 
redox reaction is more dependent upon the hydroxyl group content of the carbon 
fibres than the the vanadium(IV)/vanadium(V) reaction. The different forms of the 
vanadium cations in sulfuric acid may be the cause; vanadium(IV) and vanadium(V) 
exist in oxygen-containing cations (VO^  ^ and respectively) whereas
vanadium(II) and (III) cations are simpler (V^  ^and respectively). This may make 
it easier for vanadium(IV) and vanadium(V) ions to participate in the ion exchange 
reactions with the hydroxyl groups (42).
1.5.3. Electrolyte
In VRFB’s, the electrolyte contains vanadium compounds of varying oxidation state, 
dissolved in concentrated sulfuric acid. Energy is stored in the electrolyte of a flow 
battery which has the advantage of significantly increasing the life time due to low 
self-discharge if the electrolyte solutions are kept in stable conditions.
Huang et al found that the vanadium electrolyte solutions are stable both chemically 
and electrochemically between 5°C and 50°C (15). However, Vijayakumar et al 
found that the fully charged vanadium(V) solution is not stable at high temperatures 
(defined as above 37°C) or high vanadium concentrations (>2 mol dm'^) (43 -  45). 
This poor stability causes a hydrated V2O5 precipitate to form, resulting in energy 
loss and ultimately the failure of the battery, consequently limiting the maximum 
energy density to approximately 25 W h kg '\ This problem has been investigated 
using nuclear magnetic resonance (NMR) which found that the vanadium(V) species 
forms a hydrated penta co-ordinated vanadate ion (i.e. [V0 2 (H2 0 )s]^). It is this 
structure that is unstable at high temperatures and deprotonation processes cause it to 
change into H3VO4 and, eventually, V2O5 precipitate (46).
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Li et al found that at a concentration of 1.7 mol dm'^ vanadium, a compromise is 
achieved between low solubility of VOSO4  at low temperatures and the precipitation 
of V2 O5 at higher temperatures. In order to improve stability, the use of ‘acid- 
supporting’ electrolytes was investigated. By mixing the sulfuric acid with 
hydrochloric acid, chloride ions are introduced into the electrolyte which stabilise all 
four vanadium oxidation states at a concentration of 2.5 mol dm'  ^between -5°C and 
50°C. The addition of chloride ions improves the solubility of V(III) and V(IV) ions 
due to reduced sulfate ion concentration and the V(V) ions are stabilised at higher 
temperatures by the formation of the soluble neutral species V0 2 C1(H2 0 )2  (47).
1.6. Iron-Chromium Redox Flow Battery
In 1973 NASA began the research on this system (14), in which the half-cell 
reactions are those shown in Equation 1.1. The disadvantages of the iron-chromium 
chemistry include the slow reaction kinetics of the chromium ion, membrane aging 
followed by cell failure caused by ion crossover through the degraded membrane (8 ). 
These drawbacks make them inferior to VRFB’s, to the extent that this chemistry 
was abandoned in favour of other redox couples.
Cr \^aq) + e' ^  Cr^ *(aq)
Equation 1.1 -  Reactions in each half-cell of the iron-chromium redox flow battery during 
charge.
1.7. Vanadium-Air Redox Flow Battery
Hosseiny et al developed a vanadium-air RFB using vanadium(II)/vanadium(III) 
and water/oxygen as redox couples. The vanadium half-cell is exactly the same as 
would be used for an all-vanadium RFB. Air is used in the other half-cell to increase 
specific power output and decrease the weight (48).
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3 V ^ % q ) + 4 e -  ^  4 V ^ \ a q )
2 H2OQ ^  4H%q) + 02(g) + 4e-
Equation 1.2 -  Reactions in each half-cell of the vanadium-air flow battery during charge (8).
Voltage efficiency and energy efficiency were 46% and 46% respectively, using a 
reversible air electrode and with an operating temperature of 80°C. Although an all­
vanadium RFB is capable of achieving higher voltage (81%) and energy (73%) 
efficiency, the specific storage capacity is almost doubled due to the storage of only 
one liquid electrolyte (48).
1.8. All-Uranium Redox Flow Battery
For a single element to be used in a RFB, it must possess two redox couples, as in the 
case for vanadium. In a VRFB, at the positive electrode, the vanadium ions have to 
undergo a rearrangement of their coordination structure which is kinetically slow. 
The four light actinides (uranium, neptunium, americium and plutonium) also 
possess two redox couples involving ions which do not change structure, in theory 
making the redox reaction faster. At present, uranium is the most economically 
viable of the actinides to use in a RFB, due to the vast quantities of depleted uranium 
produced worldwide from nuclear power. Yamamura et al have set up an all­
uranium RFB using uranium p-diketonates. Solubilities achieved in a polar aprotic 
solvent, were 0.8 mol dm'^ for uranium(VI) complexes and 0.4 mol dm'^ for 
uranium(IV) complexes. OCV data showed voltages of more than 1 V can be 
achieved (49). Although the all-uranium RFB is an interesting concept, thought must 
be given to the additional safety concerns arising from its use of radioactive species.
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1.9. Other Redox Flow Battery Chemistries
1.9.1. Manganese
Sleightholme et al have investigated a type of single metal RFB which uses 
manganese(III) acetylacetonate in a solution of tetraethylammonium 
tetrafluoroborate in acetonitrile. The manganese(II)/(III) and manganese(III)/(IV) 
redox couples were found to be quasi-reversible (using cyclic voltammetry) (50).
A: [Mn^^acac)]] + e" ^  [Mn"(acac)3]
B: [Mn"^acac)3] ^  [Mn^(acac)3] + e"
C: [Mn"(acac)3]' + 2e [Mn°(acac)3]^'
Equation 1.3 - Half-cell equations for a manganese RFB, with A and B representing expected 
redox reactions and C showing an unwanted side reaction (50).
The cell potential was 1.1 V, which is smaller than cell potentials reported for other 
non-aqueous RFB’s, indicating that an irreversible second reduction (forming 
[Mn®(acac)3] '^) occurs at a negative potential (half-cell equation C) (50).
1.9.2. Chromium
The chromium RFB that uses chromium(III) acetylacetonate in a solution of 
tetraethylammonium tetrafluoroborate in acetonitrile has been studied by Liu et al 
The chromium(I)/(II), chromium(II)/(III), chromium(III)/(IV), and 
chromium(IV)/(V) redox couples were found to be quasi-reversible with relatively 
slow electron transfer being exhibited by the chromium(III)/(IV) couple. As with the 
manganese RFB, the energy density of the chromium RFB is limited by the solubility 
of chromium acetylacetonate in the acetonitrile solution (approximately 
0.4 mol dm'^) (51). Thought must be given to the toxicity and safety of the organic 
base electrolytes being used.
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1.10. Hybrid Flow Battery
Flow batteries in which one or more of the electro-active components are stored 
internally are known as hybrid flow batteries (HFB’s). HFB’s differ from RFB’s as 
the energy they produce is limited by the amount of solid material that can be 
accommodated in the reactor; hence limiting the energy density. This type of flow 
battery therefore has limited scale up opportunities. Examples of HFB’s include zinc- 
bromine and zinc-chlorine batteries. HFB’s have many advantages over other types 
of batteries (such as lithium ion and sodium-sulfur), including high energy densities 
relative to lead-acid batteries, a high cycle life of greater than 2000 cycles at 100% 
and no shelf life limitations. This type of flow battery is found to have the potential 
to provide a lower cost option for energy storage relative to lead-acid, vanadium 
redox, sodium-sulfur and lithium ion batteries (3).
1.10.1. Zinc-Cerium Flow Battery
The zinc-cerium flow cells are a relatively new development in this field and were 
first designed by Plurion Ltd. (52). At the negative electrode during charging (shown 
in Equation 1.4), the metal ions move through the solution to deposit on to the 
electrode.
+ 2 e- ^  Zii(s)
Equation 1.4 -  Electroplating of zinc at the negative electrode during charging (53).
At the positive electrode, cerium is oxidised from cerium(III) to cerium(IV). It is the 
poor solubility of cerium (approximately 0.8 mol dm*^ ) that limits the energy density 
of this type of redox flow battery. Leung et al. found that the electrochemistry of 
cerium redox reaction is more favourable on a platinum electrode than a glassy 
carbon electrode (54). Furthermore, two dimensional electrodes, such as graphite or 
platinised titanium, were found to underperform due to poor electrical conductivity 
and low surface area. Three dimensional electrodes, such as carbon felt and 
reticulated vitreous carbon, were capable of discharge at 50 mA cm'^, with high 
coulombic and voltage efficiencies (>92% and >68% respectively) (55).
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In the original Plurion system (52), an organic acid (methane sulfonic acid) was used 
as the electrolyte which ensured the high solubility of both cerium and zinc. A cell 
was run at 60°C and the OCV obtained was about 2.5 V which is nearly double that 
of other flow batteries (53). Nikiforidis et al also found that a methane sulfonic acid 
electrolyte gives a high nucléation density, allowing more compact zinc deposits to 
be formed on the electrodes (53). Leung et al showed (using cyclic voltammetry) 
that the higher the concentration of cerium(III) and methanesulfonic acid, the higher 
the cathodic-anodic peak current ratio, but this results in wider peak separation 
(lowered reversibility). A temperature study found that an elevated electrolyte 
temperature produced improved electrochemical reversibility of the
cerium(III)/cerium(IV) redox reaction. The highest energy efficiency was observed 
with the electrolyte at 50°C (54).
1.11. Vanadium Redox Fuel Cell
Redox fuel cells contain the conventional flow battery reactor which chemically 
stores electricity, produced by the cell itself; as opposed to being produced by an 
external source as with conventional flow batteries. In this type of system, recharging 
occurs by oxidation of the positive electrolyte using an oxidant (oxygen or air for 
example) and reduction of the negative electrolyte using a fuel (hydrogen for 
example). The first system of this type was presented by Choban et al in 2002 and 
since then proof-of-concept cells have been developed based on vanadium redox 
couples (56), formic acid (57, 58), methanol (59, 60), hydrogen peroxide (61) and 
hydrogen (62, 63).
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1.12. Polysulfide-Bromide Battery
Another type of RFB is the polysulfide-bromine battery (PSBB) which involves two 
electrolytes of sodium bromide and sodium polysulfide. This type of flow battery is 
based on regenerative fuel cell technology. The general concept is identical to a 
standard RFB consisting of the electrolytes flowing through the cell separated by a 
cation exchange membrane. PSBB’s are able to operate at room temperature and 
have high efficiency, long life, low cost and are considered relatively 
environmentally safe (64). Scamman et al investigated computational modelling of 
PSBB’s, which has not previously been studied. The model accurately predicted the 
variation in concentration and current on the electrode as well as the 
charge/discharge efficiency, energy density and power density. It also incorporated 
the effects of cross-membrane solvent transport and self-discharge. Data from a 
pilot-scale PSBB, set up by Regenesys Technologies Ltd (UK), validated data 
obtained from the model (65).
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1.13. Project Aims and Objectives
The research was divided into three main areas -  membrane development, electrolyte 
investigations and establishing an operational VRFB. The vanadium version was 
chosen as VRFBs are the most developed and understood of the RFB chemistries. 
The main areas of investigation for this project were:
Electrolyte Investigations
• temperature window over which the vanadium electrolytes are stable
• use of additives to broaden the temperature window
Membrane Development
• factors affecting the vanadium cation permeability of membranes
• factors affecting the chemical stability of membranes
• synthesising a selection of membranes with a range of chemistries, designed 
with potential application into a VRFB in mind
Vanadium Redox Flow Battery
• establish an operational VRFB test cell
• optimise the cell for parameters such as electrolyte flow rate and electrode 
compression
• determine the suitability of the synthesised novel membranes for use in 
VRFBs
• establish the suitability of any successful electrolyte additives for use in 
VRFBs
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2. Experimental Techniques and Methodologies
2.1. Membrane Synthesis
2.1.1. Irradiation of Membrane Backbone
The pre-cursor polymer films were exposed to an electron-beam (Synergy Health, 
UK) in air to a total dose of 7 Mrad. The irradiated polymer films were then 
transported back to the laboratory in dry ice and then stored at -36°C ± 2°C until 
required. Two different pre-cursor films were investigated: ethylene
tetrafluoroethylene (ETFE) (Nowoflon, Germany, dehydrated thickness of 
approximately 0.05 mm) and high density poly ethylene (PE) (Goodfellow, UK, 
dehydrated thickness of approximately 0.075 mm).
Figure 2.1 shows the possible reaction after electron beaming PE in air. The stronger 
C-C bond could break in some instances, resulting in a mechanically weaker 
membrane. However, it is more likely that the weaker C-H bond will break, allowing 
the formation of a peroxide group on the membrane backbone. On heating in the 
grafting solution, this peroxide will then homolytically split, leaving an oxygen 
radical available for grafting. The thermal instability of the intermediate peroxide 
group is the reason the membrane must be transported and stored at -36°C until the 
grafting process can be carried out. It is assumed that ETFE undergoes the same 
process after electron beaming.
PE
^ ' E lectron  B e a m in g  in  air /  ^  \  H eat
H
H
H
OH I ' "0
1
OH
Figure 2.1 -  Reaction scheme for the electron beaming process of PE in air, with the formation 
of an oxygen radical after the splitting of the peroxide bond.
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2.1.2. Membrane Grafting
All chemicals listed were supplied by Sigma Aldrich, unless otherwise stated and all 
water used was deionised water (approximately 18 Mfl cm resistivity).
2.1.2.1. Anion Exchange Membranes
Anion exchange membranes (AEMs) were synthesised by grafting aromatic or non- 
aromatic groups on to the irradiated backbone and then functionalising with amine 
groups. Figure 2.2 details the synthesis of the AEMs, using ETFE as an exemplar 
backbone (same reactions assumed to occur when using PE). The VBC used is a 
meta/para mix (1:1) but only para structures are shown for clarity. Although some of 
the groups are capable of crosslinking, only non-crosslinked groups are illustrated. 
The aminating agents used and their structures prior to reaction are shown in Table
2 . 1.
ETFE
Vinylbenzyl
Chloride
Chloro
Butene ETFE —O'
ETFE-VBC HO CH
ETFE-CB
ETFE— O'
Tetramethy] 
Imidazole .
DABCO
ETFE— O'
ETFE —O'
ETFE-VB-MA
ETFE-VB-TMI
ETFE— 0
ETFE-B-DABCO
ETFE—O'ETFE—O' ETFE VB DMA
ETFE-VB-TMA
ETFE-VB-DABCO
Figure 2.2 - Reaction scheme for the grafting of anion exchange membranes, starting from the 
formation of the oxygen radical.
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Table 2.1 -  Names and structures of the chosen amine-containing groups.
Aminating
Agent
Structure
Headgroup
Name
Designation
Methylamine
Dimethylamine
Trimethylamine
1,4-
Diazabicyclo(2,2,2)octane 
Tetramethyl imidazole
H------- N----- H
CHg
H N CH3
CH3
H3C------- N----- CH3
CH3
: N N
"XTCH3H3C
Methyl
ammonium
Dimethyl
ammonium
Trimethyl
ammonium
Same as 
aminating agent
Tetramethy 1 
imidazolium
MA
DMA
TMA
DABCO
TMI
CH,
Table 2.2 -  Reaction conditions for each stage of grafting for anion exchange membranes.
Compound Solution Conditions
VBC"
20vol% VBC,
lvol% surfadone^, 
79vol% propanol.
60°C for 72 hours (with an 
initial N2 purge for 1 hour)
CB
20vol% CB,
80vol% propanol;water (1:1).
60°C for 72 hours (with an 
initial N2 purge for 1 hour)
MA, DMA, 
TMA or 
DABCO
20vol% amine, 
80vol% propanol:water (1:1).
50°C for 24 hours
TMI
20vol% amine, 
80vol% propanol:water (1:1).
80°C for 168 hours
1:1 meta:para m ixture from D ow  Chem ical 
1 -octyl-2-pyrrolidone
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The irradiated films were submerged in either VBC or CB, under the conditions 
shown in Table 2.2. The resulting copolymer was then thoroughly washed in toluene 
at 60°C, followed by 5 hours in a vacuum oven at 70°C to ensure the toluene was 
removed. This intermediate membrane was then immersed in a solution of the 
desired amine (specific conditions summarised in Table 2.2). The VBC- or CB- 
grafted membranes were made in large batches; the number density of CH2-CI sites 
available for functionalisation is, therefore, approximately constant for the different 
AEMs. After the amination, each membrane was then washed several times in water 
at 50°C to remove any unreacted amine.
All aminated membranes were hydrated prior to use, using soaking in potassium 
hydroxide (aq, 1 mol dm" )^ for 24 hours to ensure the membranes contained the 
hydroxide (OH ) counter ion as opposed to chloride (Cl ). This was adopted as a 
standard procedure before all testing of AEMs, in order to minimise the presence of 
chloride ions in future VRFB testing. It has been reported that potassium hydroxide 
can degrade amine-containing AEMs (1); however reports in literature are carried out 
under accelerated conditions (60°C for several months). Despite this, amine- 
containing AEMs are frequently reported as being soaked in potassium hydroxide at 
ambient temperature for 48 hours with no degradation being observed (2) (3); there 
should therefore be no ill-effects from soaking in hydroxide at ambient temperature 
for only 24 hours.
2.1.2.2. Cation Exchange Membranes
Following the same irradiation procedure as in Section 2.1.1, radiation grafted cation 
exchange membranes (CEMs) were synthesised. Figure 2.3 illustrates their synthesis, 
using a variety of carbonyl- and sulfonate-based functional groups and Table 2.3 
details the functional groups’ structures prior to reaction. PE is used as the exemplar 
polymer backbone and it is assumed that ETFE will react via the same mechanism.
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Methyl Vinyl Ketone Allyl Sulfonate
P E - 0P E - 0 PE
CHz P E A S  
0 = S = 0
I
OH
Vinylbenzyl
.Su lfonate
CH Acrylic
AcidPE-M VK
Citraconic
Acid Aconitic
Acid
P E - 0 PE-VBS
OH
PE-AA
PE— O
P E - 0
OH PE-Acon A
OH
Figure 2.3 -  Reaction scheme for the grafting of cation exchange membranes, starting from the 
formation of the oxygen radical.
Table 2.3 -  Names and structures of the compounds used to functionalise the radiation grafted 
membranes to produce CEMs.
Name Designation Structure
Sodium allyl sulfonate
Sodium vinyl benzyl 
sulfonate
Methyl vinyl ketone 
(3-butene-2-one)
Acrylic acid 
Citraconic acid
Aconitic acid
AS
VBS
MVK
AA
CA
Aeon A
°  ® K,®s — O Na
% e  ®
s — O Na
o
OH
O
HO.
OH
O
The irradiated films were submerged in the appropriate monomer solution, under the 
conditions shown in Table 2.4. The resulting polymer was then thoroughly washed in 
water at 50°C, to ensure the excess unreacted monomer was removed.
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Table 2.4 -  Reaction conditions for each stage of grafting for cation exchange membranes.
Monomer Solution Conditions
AS, AA or 20wt% compound. 50°C for 24 hours (with an
Aeon A 80vol% propanol:water (1:1). initial purge for I hour)
MVK^
20vol% MVK,
80vol% propanol:water (1:1).
50°C for 24 hours (with an 
initial N2 purge for I hour)
VBS'^
20vol% VBS,
10% Fl2S0 4 (l mol dm'^), 
70vol% propanol:water (1:1).
50°C for 24 hours (with an 
initial N2 purge for I hour)
CA
1 Owt% CA 50°C for 24 hours (with an
90vol% propanol:water (1:1) initial N2 purge for I hour)
3-butene-2-one
4-styrene su lfon ic acid sodium  salt hydrate
2.2. Infra-Red Spectroscopy
2.2.1. Theory
Infrared (IR) spectroscopy is the study of the interaction between matter and 
electromagnetic energy in the infrared region of the electromagnetic spectrum 
(700 nm up to 1 mm wavelengths). The IR region of the spectrum can be divided into 
three regions -  near, mid and far -  in terms of their relation to visible light. The mid- 
IR range (400 -  4000 cm ') is used to study the fundamental vibrations and 
associated rotational-vibrational structure. Fourier transform IR (FT-IR) 
spectroscopy is a technique that allows an IR spectrum to be recorded. IR light is 
guided through an interferometer and then through the sample. A moving mirror 
inside the instrument alters the distribution of light that passes through the 
interferometer. The signal recorded directly represents light output as a function of 
mirror position. Fourier transformation is a data processing technique that converts 
the raw real-time data into a spectrum -  light output as a function of IR wavelength 
(equivalent to wavenumber). FT-IR spectroscopy can be used to identify structures
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because functional groups give rise to characteristic bands occurring at specific 
group-associated frequencies (wavenumbers).
To examine solid samples, attenuated total reflectance (ATR) can be used in 
conjunction with FT-IR spectroscopy. The IR beam is passed through a crystal (such 
as diamond or germanium) in such a way that it reflects multiple times off of the 
samples surface. This reflection forms the evanescent wave (Figure 2.4) which 
extends into the sample. The wave can penetrate between 0.5 and 2 pm into the 
sample. The reflected beam is then collected as it exits the crystal and then taken to 
the detector.
Solid sample
Figure 2.4 -  Illustration showing how the IR beam forms an evanescent wave enabling it to 
reflect off of the solid sample surface several times.
Molecules absorb specific frequencies that are characteristic of their structure and it 
is these resonant frequencies (the frequency of the absorbed IR beam is equivalent to 
the transition energy of the bond) that are detected in IR spectroscopy. There are six 
main vibrational modes: symmetrical and non-symmetrical stretching, scissoring, 
rocking, wagging and twisting. Linear molecules, such as N2(g), have 3n-5 vibrational 
modes (where n = number of atoms) and non-linear molecules, such as H2O, have 
3n-6 vibrational modes. IR spectroscopy can detect vibrational modes associated 
with changes in the dipole moment of a bond. For example, there is a difference in 
electronegativity between the oxygen and the hydrogen in water, creating a dipole 
moment across the bond and allowing the three vibrational modes 
((3 X 3 atoms) - 6 = 3) to be detected by IR spectroscopy. A simple diatomic 
molecule such as nitrogen gas has one vibrational band ((3 x 2 atoms) -5  = 1) but no 
dipole moment therefore it is not detected by IR spectroscopy. IR spectroscopy can 
be used to identify functional groups present in a sample and Figure 2.5 details where 
specific bonds and functional groups are expected.
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C-H
C-N N-O
C-H
N-H
O-H
O-H 
O-H (Water)
500 1000
C-H (aromatic)
C-Cl C-F
C-O
1500 2000
C-H (aromatic)
C=0
2500 3000 3500
Figure 2.5 -  Expected positions (in terms of wavenumber (cm ')) of IR active bonds.
2.2.2. Experimental Methodology
Infrared spectra were collected using the Perkin Elmer Spectrum BX FT-IR 
Spectrometer. Dry membranes were analysed using the Specac Mk II Golden Gate 
Attenuated Total Reflectance (ATR) attachment containing a diamond 45° ATR 
window and a sapphire anvil. Each membrane was subjected to 32 repeat scans over 
the range 600 -  4000 cm ', with a resolution of 4 cm''.
2.3. Electrochemical Impedance Spectroscopy
2.3.1. Theory
Electrochemical impedance spectroscopy (EIS) is a non-destructive technique that 
studies a system by applying a sinusoidal voltage wave to the sample and then 
observes the response. Electrical impedance is the measure of the opposition to a 
current that a circuit presents when a voltage is applied. Impedance allows the 
application of resistance to alternating current (AC) circuits as it is a vector, 
possessing both magnitude and phase, unlike resistance which has only magnitude. 
There are two additional impeding mechanisms in AC circuits than in direct current
37
Chapter 2: Experimental Techniques and Methodologies
(DC) circuits; inductance and capacitance. Inductance is the induction of voltages in 
conductors self-induced by the magnetic fields of currents and capacitance is the 
electrostatic storage of charge induced by voltages between conductors. The 
relationship between voltage and current to resistance can be expressed as Ohms 
Law (Equation 2.1).
V = I X R
Equation 2.1 -  Ohms Law where V is voltage (V), I is current (A) and R is resistance (ohms).
AC impedance measures the change in the sinusoidal wave response, expressed 
similarly to Ohms Law (Equation 2.2)
Equation 2.2 -  Impedance related to AC impedance where Z is a complex number and co is 
angular frequency (radians second ') (4).
Z can be represented by a complex number with both real and imaginary components 
(Z’ and Z” respectively) such that:
Z = Z'  - j Z "  
j  =
Considering the elements of electrical circuits, the impedance of an ideal resistor is 
purely real (Z’) and is referred to as resistive impedance, thus the voltage and current 
sinusoidal waveforms are proportional and in phase. Ideal inductors and capacitors 
have purely imaginary reactive impedance where the impedance of an inductor 
increases as frequency increases and the impedance of a capacitor decreases as 
frequency increases. In a capacitor under steady state conditions, the current is zero; 
indicating that a capacitor is equivalent to an open circuit (Figure 2.6).
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-Z’
Capacitor (x -  0)
100 Ohm Resistor
“ I —
50 100
z
Figure 2.6 -  Simplified Nyquist plot for a resistor and capacitor.
All components can be displayed on a complex plane plot (Figure 2.7) (5).
Z”
Z’
Figure 2.7 -  Complex plane plot showing the real and imaginary components of impedance.
The equations shown below, detail how the imaginary components of Z are derived.
r  =  |z |  cose  
r  =  \Z\sine
e = ta n -i (E)
|z| = -jaz'y + (z")2)
Equation 2.3 -  The equations to calculate the imaginary components of Z (4).
The impedance responses for resistors, capacitors and inductors can be used to 
construct the impedance response of various electrical/electrochemical circuits. 
Impedance plots can be used to generate equivalent circuits which can be used to 
electrically describe and model continuous materials or biological systems in which 
current does not actually flow in defined circuits. Figure 2.8 illustrates a typical 
impedance plot and its equivalent circuit.
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Capacith'e Effects
■Z”
R2R1
\Mre inductance 
effects
W W V
Resistor 1
Z’
Capacitor
WW"
Resistor 2
Figure 2.8 -  Exemplar impedance plot with its corresponding equivalent circuit.
2.3.2. Experimental Methodology
Electrochemical impedance spectroscopy was used to determine membrane 
conductivity. The membrane sample was soaked in sulfuric acid (aq, 1 mol dm'^) 
overnight and then mounted between two graphite plates within a high density 
polyethylene (HOPE) cell. The ionic conductivity cell was held together, under 
constant torque, using two screws and it was then suspended in sulfuric acid 
(aq, 1 mol dm'^) at 22°C.
Impedance spectra were collected on a Solatron 1260/1287 frequency gain analyser 
with maximum voltage amplitude of 100 mV and a frequency range of 1 MEIz -  1 
kHz. Each measurement was repeated five times with each membrane and was 
blank-corrected by subtracting the resistance of a short-circuited cell from the 
measured resistance of a membrane (assuming all other resistances are constant such 
as the wires, graphite plates and contact resistances). The spectra were viewed as 
complex impedance (Nyquist) plots, where the imaginary component of Z” is on the 
y-axis and the real component of Z’ is on the x-axis.
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■Z” Capacitive
EffectsMembrane
Blank
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Wire inductance 
effects
Figure 2.9 -  Exemplar Nyquist plot for a typical membrane sample, where R e^m is the resistance 
of the membrane in ohms.
The conductivity of the membrane is determined by the Nyquist plot where the x 
axis intercept is the resistance:
Ionic Conductivity )
Equation 2.4 - Calculating conductivity (S cm *) where t is hydrated membrane thickness (cm), 
Riviem is blank-corrected resistance (ohms) (R^em = Riwem - Rceii) and A is the contact area (cm^).
This test method is used to determine the through-plane resistance of the membrane, 
where the electrodes are placed either side of the membrane and determine the 
resistance through the thickness of the membrane. An alternative method (four point 
probe) can be used to measure the resistances along the plane of the membrane, but 
the through-plane method best represents the likely movement of ions across the 
membrane in a vanadium redox flow battery (VRFB) and this method was therefore 
chosen.
41
Chapter 2: Experimental Techniques and Methodologies
2.4. Gravimetric Water Uptake
Gravimetric water uptake (GWU) is a measure of the membrane’s ability to absorb 
water, which gives an indication of the hydrophilicity of the membrane. Membrane 
samples were dried for a minimum of 5 days in a desiccator over CaCli. To hydrate 
the membrane, the sample was soaked in water for 24 hours. The GWUs were 
determined by measuring both the hydrated and dehydrated masses of the membrane, 
using a calibrated five figure balance (Sartorius AG, CP225D-OCE).
GWU = mDeh)\  ^
\  n i H y d  /o
Equation 2.5 - Calculation for gravimetric water uptake where m is either the hydrated or 
dehydrated mass (g) of the membrane sample.
2.5. Ion Exchange Capacity
The ion exchange capacity (lEC) is a measure of the number of ionic sites per unit 
mass that can participate in an exchange process and is expressed in mmol g'^  
(dehydrated membrane). During the measurements described below, each time the 
membranes were rinsed with deionised water; this was done until the washings were 
at pH 7, to ensure a high level of accuracy.
2.5.1. Anion Exchange Membranes
To measure the total lEC of the anion exchange membranes (AEMs) (detecting both 
tertiary and quaternary amines), a sample of membrane was soaked in hydrochloric 
acid (aq, 1 mol dm'^) for at least 3 hours and stirred at 350 rpm. Alternatively, to 
measure only the quaternary lEC (only detects the quaternary amines); a membrane 
sample was soaked in potassium chloride (aq, 1 mol dm'^). The membrane was 
thoroughly rinsed using deionised water and then soaked in sodium nitrate 
(aq, 1 mol dm" ,^ approximately 30 cm^) overnight, stirred at 350 rpm. The membrane 
was again thoroughly rinsed with deionised water (the washings were placed into the
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vessel containing the sodium nitrate) and nitric acid (aq, 1 mol dm" ,^ approximately 
2 cm^) was added. The resulting solution was titrated with silver nitrate 
(aq, 0.02 mol dm'^) using Metrohm 848 Titrino Plus with a silver electrode. The 
endpoint was determined via the maxima in the differential curves 
(d(potential voltage) / d(volume titrant))- This procedure was conducted in triplicate for 
each membrane and a blank was run with each batch (the blank consisted of a known 
volume of hydrochloric acid (aq, 0.1 mol dm'^, 2 cm^), nitric acid 
(aq, 1 mol dm"^ , 2 cm^) and deionised water to facilitate the electrode operation). The 
lEC was calculated using Equation 2.6. The non-quaternary amine lEC is then 
calculated by the difference between the total lEC and the quaternary group content 
per gram.
_
Equation 2.6 - Calculating ion exchange capacity (mmol g’*) of AEMs where n is the amount of 
silver ions (mmol) added at the endpoint and m is the dehydrated mass of the membrane (g).
2.5.2. Cation Exchange Membranes
To measure the lEC for the cation exchange membranes (OEMs), the membranes 
were first soaked in sulfuric acid (aq, 1 mol dm'^) overnight whilst being stirred at 
350 rpm and then rinsed thoroughly with deionised water. The membrane was then 
soaked in sodium chloride (aq, 0.1 mol dm'^, approximately 20 cm^) solution and 
stirred at 350 rpm overnight. The membrane was thoroughly rinsed with deionised 
water (the washings were placed back into the vessel). The solution was then titrated 
with potassium hydroxide (aq, 0.1 mol dm'^) using the Metrohm 848 Titrino Plus 
with a pH probe. This procedure was repeated in triplicate for each membrane and a 
blank was run with each batch (the blank consisted of hydrochloric acid 
(aq, 1 mol dm'^, 1 cm^), sodium chloride (aq, 1 mol dm" ,^ approximately 20 cm^) and 
deionised water to cover the pH probe). The lEC was calculated using Equation 2.7.
_ n(KOH)
IhCcEM -  —^Dehyd
Equation 2.7 - Calculating ion exchange capacity (mmol g'*) for CEMs, where n is the amount of 
KOH (mmol) added at the endpoint and m is the dehydrated mass of the membrane (g).
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2.6. Ultraviolet-Visible Spectroscopy
2.6.1. Theory
Ultraviolet-Visible (UV-Vis) spectroscopy refers to absorption spectroscopy in the 
UV-Visible region of the electromagnetic spectrum (200 -  900 nm). In this region of 
the electromagnetic spectrum, molecules undergo electronic transitions from a 
ground state to an excited state. A UV-Vis spectrometer measures the intensity of the 
light passing through the sample (I) and compares it to the intensity of the light 
before it passes through the sample (lo). The ratio of these two quantities is known as 
transmittance. The absorbance is related to transmittance as shown in Equation 2.8.
 ^ (im )
Equation 2.8 -  Equation relating absorbance to transmittance, where A is absorbance and T is 
transmittance.
A = -log^o ( y )  = s c  I
Equation 2.9 -  Equation relating absorbance to intensity, where A is absorbance, I is intensity, e  
is the molar absorptivity, c is concentration (mol dm'^) and 1 is path length (cm).
The Beer-Lambert law states that the absorbance of a solution is directly proportional 
to the concentration of the absorbing species in the solution and the path length 
(Equation 2.9).
2.6.2. Vanadium
Vanadium species have differing colours dependent upon the oxidation state of the 
vanadium. Solutions of vanadium absorb visible light because the (/-electrons within 
the metal ions can be excited from one electronic state to another {d-d transitions), 
with the exception of vanadium(V) which has no (/-electrons so its colour is as a 
result of charge transfer transitions. The colour of the solution can be quantitatively 
measured using UV-Vis spectroscopy and related back to the oxidation state of the 
vanadium ion.
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Figure 2.10 -  Illustration of the UV-Vis spectra produced by different oxidation states of 
vanadium sulfate in sulfuric acid (aq, 3 mol dm )^.
Figure 2.10 shows that vanadium(IV) has a single defined peak at 760 nm whereas 
vanadium(lll) has two smaller peaks at 410 and 602 nm. The peak at 602 nm was 
used for the calibration of vanadium(III) as the second peak (at 410 nm) overlaps the 
large peak corresponding to vanadium(V). The UV-Vis scans had a lower limit of 
350 nm which is very close to the apex of the peak for vanadium(V). The calibration 
samples run for vanadium(V), scanned at 350 nm, produced a satisfactory linear 
calibration line (details of the calibrations for all three vanadium species are shown 
in Section 2.7).
2.7. Vanadium Cation Cross-Over
The vanadium cation cross-over method was adapted from Llewellyn et al (6) and 
Sukkar et al (7). The membrane sample was sandwiched between two greased 
gaskets and then secured between two HOPE half-cells containing chambers of 
approximately 50 cm  ^capacity each with an active membrane area of 25 cm“ (Figure 
2.11). Two metal end plates and a torque driver ensured the screws could be reliably 
tightened to 3 N m"'. A solution of vanadium sulfate (aq, 0.1 mol dm'^) in sulfuric 
acid (aq, 3 mol dm'^) was placed in one half-cell and a blank (vanadium-free) 
solution of sulfuric acid (aq, 3 mol dm'^) was placed in the other chamber.
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Sampling holes
Metal end plates 
with screws = 
and nuts
Gaskets with 
membrane
Chamber containing 
vanadium-acid 
solution
Chamber containing 
‘initially-blank’ acid 
solution
Figure 2.11 -  Photo showing the cell used to measure the vanadium cross-over of different 
membranes.
Vanadium(IV) solution was made by dissolution of vanadium oxide sulfate hydrate 
in sulfuric acid. Vanadium(V) and vanadium(lll) were made electrochemically from 
the vanadium(IV) solution in the VRFB cell (method detailed in Chapter 5). Samples 
from the ‘blank’ side were taken at time intervals and measured quantitatively using 
UV-Vis spectroscopy (Libra Biochrom S60) in a quartz cuvette and then returned to 
the cell to maintain constant volume. The absorbance was determined at the Xmax for 
the specific vanadium species. The concentration of vanadium in the ‘blank’ solution 
can be calculated using the calibration curve method. The calibrations for 
vanadium(III), (IV) and (V) are shown in Figure 2.12 and the corresponding 
equations are shown in Table 2.5.
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Concentration of Vanadium (mol dnT )^
Figure 2.12 -  Calibrations for solutions of vanadium(III), (IV) or (V) in sulfuric acid.
Tabic 2.5 -  Equations for the linear calibrations for vanadium(III), (IV) and (V) sulfate.
Vanadium
Species
m^ax
(nm)
Concentration 
Range 
(mol dm^)
Equation**
V 350 0  -  0 .0 2 y = 43.22x4-0.03161 0.9786
IV 760 0 - 0.1 y = 7.219x + 0.02471 0.9973
III 602 0 - 0.1 y = 2.697x4-0.01767 0.9934
where y  is absorbance and x is the concentration o f  vanadium .
2.8. Thermo-Oxidative Stability
Many of the novel membranes reported in literature (for VRFBs) are tested for their 
chemical stability, for example Chen et al. tested the chemical stability of Nafion in 
vanadium(V) solution (aq, 1 mol dm'^) at 25°C for 15 days (8 ). However membranes 
for operational VRFBs are required to survive years before they are replaced, and 
therefore stability testing for just 15 days is not adequate.
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In this study the method for evaluating thermo-oxidative stability was adapted from 
Mohammadi et al. (9) and Sukkar ef al (7). Triplicate hydrated samples of the 
membrane were placed in a known volume (10 cm^) of vanadium(V) sulfate 
(aq, 0.1 mol dm'^) in sulfuric acid (aq, 3 mol dm'^). The samples were placed in a 
temperature controlled water bath at 50°C for 100 days to accelerate any degradation 
and selected membranes were also run at ambient temperature. The membrane 
degrades oxidatively and therefore reduces vanadium(V) to vanadium(lV). The lECs 
and conductivity of the membranes were measured before (0  days) and after ( 1 0 0  
days) the test to assess the effect of membrane degradation.
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3. Exploration of Vanadium Electrolytes -  Effects of 
Temperature and Additives
The applications of vanadium redox flow batteries (VRPBs) can involve remote 
locations providing power during ‘black outs’ (or ‘brown outs’) on the grid. Such 
locations include Canada, Northern Europe, Africa and Australia. As the outside 
temperature varies, the electrolytes are exposed to significant temperature 
fluctuations. The majority of the world’s population lives within a temperature range 
of approximately -10 to 30°C. However, extremes in temperature must also be taken 
into account, with temperatures regularly dipping to as low as -30°C and as high as 
50°C in certain areas of the world.
VRFB electrolytes are typically composed of vanadium salts, sulfuric acid and water. 
At low temperatures, the electrolyte salt could precipitate or the solution could 
freeze. Freezing would stop the VRFB operating and potentially damage the ion- 
permeable membrane. The precipitation of vanadium species is likely to occur as a 
result of decreased vanadium solubility at lower temperatures. This could cause two 
problems: solid precipitate blocking the pores in the felt electrode and lowering the 
concentration of vanadium in solution, both of which would severely impact VRFB 
performance.
3.1. Literature
It is widely reported that vanadium(V) precipitates at higher temperatures (>40°C) 
and the other vanadium species -  vanadium(IV), vanadium(III) and vanadium(II) -  
precipitate at low temperatures (<0°C) (1). Much of the research into electrolyte 
stability for VRFBs is directed towards the positive electrolyte (vanadium(IVW)). 
High concentrations (>1.8 mol dm'^) of vanadium(V) precipitate V2 0 5 (s) at elevated 
temperatures (>40°C) (2). When in sulfuric acid, the vanadium(V) species exists in 
the hydrated penta-co-ordinated vanadate ion [V0 2 (H2 0 )s]'^  which converts to the
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insoluble V2 0 5 (s) precipitate by a de-protonation and condensation reaction at 
elevated temperature (3) (4). Therefore, the low solubility and poor thermal stability 
of the vanadium(V) species can limit the applications of VRFBs.
Lei et al found that the use of a mixture of hydrochloric and sulfuric acid stabilises 
vanadium(V) species from -5°C up to 50°C (2). However, the presence of chloride 
ions gives the potential of evolving chlorine gas when used in a RFB. It has also been 
determined that there is a reduction in precipitation over a wider temperature range 
when the concentration of vanadium is decreased (2 ) but, this would reduce the 
energy density of the RFB, potentially making them less commercially viable. 
Increasing the concentration of sulfuric acid also reduces the precipitation of 
vanadium(V), but the precipitation of vanadium(IV), vanadium(III) and vanadium(II) 
increases (2 ).
There has been limited research using additives in VRFBs and that is summarised in 
Table 3.1. Literature indicates that sugars and sugar-alcohols are easily oxidised by 
vanadium(V). There are several reports of additives delaying the onset of 
precipitation by hours or days but these timescales of improvement are not sufficient 
for VRFBs, which are intended to be operated for months and years.
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T able 3.1 -  Sum m ary o f  previous w o rk  to im prove electro ly te properties using additives.
Method Details
Sodium hexa meta 
phosphate and 
alkali metal sulfate 
additives
Inositol and phytic 
acid additives
Organic additives 
containing -OH, 
=0, -NH2 or -SH 
groups
Glutamate and 
arginine as 
additives
Fructose, 
Mannitol, Glucose 
and D-sorbitol as 
additives
Coulter dispersant 
(based on coconut 
oil amine with 15 
ethylene oxide 
groups)
Effectively reduce 
precipitation formation 
for supersaturated 
vanadyl sulfate solutions
Improved thermal 
stability and better 
electrochemical activity 
and cycling stability 
Encapsulate the hydrated 
vanadate ion, inhibiting 
precipitation. Alcohols 
with larger ring or chain 
structures can increase 
solubility of vanadium 
ions (all states) 
Glutamate delayed 
precipitation for 12 hours 
at 40°C and for 5 hours 
at 50°C 
D-sorbitol improves 
electrochemical 
performance -  
increased -OH groups aid 
electron transfer
Delays precipitate 
formation by up to 19 
days
Problems
Group 1 metals are 
known to degrade 
membranes 
commonly used in 
RFBs including 
Nafion (5)
Alcohols are 
oxidised by 
vanadium(V)
References
Alcohols are 
oxidised by 
vanadium(V)
Timescales of 
improvement not 
sufficient for long 
term VRFB use
Sugars and sugar- 
alcohols can be 
oxidised by 
vanadium(V)
Specific chemistry 
unknown, increased 
cost
(3)
(3)
(6)
(7)
(8)
(9)
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3.2. Objectives
In this study, the vanadium electrolytes on their own were first assessed for 
temperature stability. A sample was stable if there were no crystallisation, freezing, 
precipitation or colour changes during the test period. Using those results, additives 
were chosen with a variety of functional groups; with the aim of widening the 
temperature range over which the electrolytes are stable. By choosing additives with 
a range of chemistries, conclusions can be drawn pertaining to the stability of 
different functional groups when exposed to the vanadium electrolyte. Important 
considerations when choosing additives were toxicity, cost and abundance.
3.3. Methodology
All chemicals used in this chapter were obtained from Sigma Aldrich unless 
otherwise stated and all water used was deionised (approximately 18 cm 
resistivity). Vanadium(IV) (aq, usually 0.1 mol dm" )^ was obtained by dissolving 
vanadium(IV) oxide sulfate hydrate in sulfuric acid (aq, usually 3 mol dm'^). 
vanadium(V) sulfate (aq, O.I mol dm'^) and vanadium(III) sulfate (aq, 0.1 mol dm'^) 
solutions were obtained by electrochemical conversion of the starting vanadium(IV) 
solution. Vanadium(II) is oxidised by oxygen in the air and so it was not included in 
long term stability testing. A constant volume (10 cm^) of vanadium electrolyte (+ 
additive) was placed into a glass vial. If an additive was to be used (usually lwt%), it 
was added to the vial and stirred until a homogeneous solution was obtained. The 
vial was then placed in a temperature controlled environment (freezer for -20°C, 
fridge for 5°C, water bath for 50°C) for 100 days. Each day the samples were 
examined for freezing, formation of crystals or precipitate and changes in colour. All 
changes in colour reported were from yellow to green or blue which is assumed to be 
representative of vanadium(V) (yellow) being reduced to the blue vanadium(IV). A 
green solution can be formed from a mixture of yellow and blue, indicating a mixed 
oxidation state solution.
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3.4. Results; Electrolyte Performance
Preliminary testing involved subjecting the different vanadium species to the three 
different temperatures below. Any precipitation, freezing or colour change was 
deemed a ‘failure’.
T able 3.2 -  V anadium  solu tions held at d ifferent tem peratures for 100 days. G reen =  stab le for 100 days  
and R ed =  stab le for X  num ber o f  days and then failed.
Vanadium in
3 mol dm  ^ -20°C 5°C 50°C
sulfuric acid
0.1 mol dm'^ V(V) " Î ÏÔÔ ÎÔÔ"
0.1 mol dm'^ V(IV) 100 jqq 100
0.1 moldm’^  V(lll) 1 jqO 100
1.5 mol dm'^ V(1V) 24 jqO 100
These results show that vanadium(lV) is the most stable oxidation state with a 
0 .1  mol dm'^ solution showing no signs of precipitation or freezing for 1 0 0  days 
between -20°C and 50°C. When the concentration of vanadium(IV) is increased to
1.5 mol dm'^ (typical concentration used in a VRFB), it loses stability at -20°C but 
maintains its higher temperature stability (50°C). This could indicate that the 
solubility of vanadium(lV) decreases at lower temperatures. Both vanadium(V) and 
vanadium(lll) show good stability at 50°C but very poor stability at -20°C. Literature 
reports that vanadium(V) has poor high temperature stability (1 -4 )  but, these results 
do not confirm this; possibly the instability of vanadium(V) solutions occurs at 
higher concentrations. This work concurs with literature that vanadium(III) exhibits 
poor cold temperature stability (1).
The initial testing shows that cold temperature stability (at -20°C) is a greater 
problem than higher temperature stability. The additive work therefore focussed on 
improving vanadium(V) and (111) cold temperature performance without impeding 
the stability of vanadium(IV).
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3.5. Results: Use of Additives
Vanadium(V) solution is a highly oxidising environment, and it is crucial that the 
additive does not affect the oxidation state of the vanadium solutions. This could 
significantly impact VRFB performance. Therefore compounds containing a range of 
functional groups were tested to assess their stability to oxidation (additive oxidised 
by vanadium(V), with the vanadium itself being reduced). Table 3.3 lists the 
compounds to be tested and their structures.
The stability of the compounds shown in Table 3.3 was done by monitoring the 
colour of the solution. Sulfuric acid, at a concentration of 3 mol dm'^, was used as it 
is the most ionically conductive, an important consideration for VRFBs (discussed 
further in Chapter 5).
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T able 3.3 -  T he structures o f  the additive com pounds to be tested.
Functional Group Compound used (lwt%) Structure
Alcohol
Aromatic alcohol
Carboxylic Acid
Ketone
Amine
Amide
Sulfonate
Glycerol
Ethylene Glycol 
Cellulose
Fructose 
Polyethylene Glycol 
Resorcinol 
Ethanoic Acid 
Oxalic Acid
Citric Acid
Acetone 
Trimethy lamine
Acetamide
Sulfuric Acid 
(base electrolyte)
HO
H3 C  N  CH 3
CH3
O
N H ,
O
HO S  OH
I IO
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T able 3 .4  -  S tab ility  o f  com pounds w ith  a range o f  functional groups in van ad ium (V ) (aq, 0.1 m ol dm ^) in 
su lfuric acid (aq, 3 m ol dm'^) (held  at 22°C  for 100 days).
Functional Group Compound used (lwt%) Colour change?
Alcohol Glycerol Yes
Ethylene Glycol Yes
Cellulose Yes
Fructose Yes
Polyethylene Glycol No
Aromatic alcohol Resorcinol No, but precipitate for
Carboxyl ic Acid Ethanoic Acid No
Oxalic Acid No
Citric Acid Yes
Ketone Acetone No
Amine Trimethylamine^ No
Amide Acetamide No
Sulfonate
Sulfuric Acid 
(base electrolyte)
No
40wt% trimethylamine in water was used as received.
Vanadium(V) can oxidise nearly all the hydroxyl -contain ing groups tested as 
expected; primary and secondary alcohols can be easily oxidised to aldehydes, 
carboxyl ic acids or ketones. Polyethylene glycol and resorcinol appear stable despite 
containing -OH groups. In the case of the polymer (polyethylene glycol), this is 
likely to be because there are relatively fewer -OH groups along its polymerised 
structure (contains ether linkages along the backbone, with the polymer chains 
terminating in alcohol groups). So their oxidation does not cause a visible colour 
change to the vanadium solution, however the oxidation most likely still occurs. 
Although there is no visible change in vanadium oxidation state, resorcinol is 
unsuitable due to precipitate formation after only a few hours.
Carboxyl ic acids and ketones are stable to oxidation with the exception of citric acid; 
its oxidation is most likely due to the alcohol group in its structure (Table 3.3). 
Amines, amides and sulfonates are also stable in that environment.
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The additives that were found to be stable in vanadium(V) solution were then tested 
in vanadium(V), (IV) and (III) (aq, 0.1 mol dm'^) at -20 and 50°C with lwt% of the 
additive. In order to assess the performance of the additives, performance was 
compared to the ‘blank’ vanadium solutions (no additive present). However, this 
does not take into account the fact that the addition of the additive dilutes both the 
concentration of vanadium and the sulfuric acid in the solution. The lower 
concentration could be the cause of any observed improvements in stability rather 
than the additive. The performance of the vanadium electrolytes was therefore also 
assessed when diluted with either lwt% water (dilutes both the vanadium and the 
acid) and Iwt% sulfuric acid (dilutes just the vanadium).
T able 3 .5  -  S tability  testing at -20°C  (for 100 days) o f  0.1 mol dm ^ vanad ium  in 3 m ol dm ^  su lfuric acid  
solution w ith  lw t%  o f  an additive. G reen =  stable for 100 days and R ed = stable for X  n u m b er o f  days and  
then failed  ( ‘B lan k ’ refers to just the vanad ium -acid  solution , ‘W ater’ refers to the van ad ium -acid  solution  
diluted  w ith lw t%  w ater  and ‘Sulfuric A cid ’ refers to the vanad ium -acid  solution d iluted  w ith  lw t%  
su lfuric acid).
"O <a •o
s < 1s 3 u b' 2% 03 a r. "5 os
>
« §
"s I-o
, "WD a03
5c/5 On M
V 1 100 100 100 100
IV 100 100 100 100 100
111 1 100 100 100 100
(Ji I Î Ï  Î«
1 100 100 100
1 100 100 100
1 100 100 100
 ^40wt% trimethylamine in water was used as received.
The results show that oxalic acid hinders cold temperature performance, reducing 
stability to just I day for all vanadium species. The other additives improve stability 
at -20°C for both vanadium(V) and vanadium(III) from just 1 day up to 100 days. 
However, the vanadium electrolytes diluted with either water or sulfuric acid are also 
stable for up to 100 days, indicating that the increased stability at -20°C is due to the 
dilution of the vanadium rather than the presence of the additive. The sample diluted 
with water results in both the vanadium and sulfuric acid concentrations being 
decreased whereas dilution with sulfuric acid results in a reduction in the vanadium 
concentration only. The fact that both of these diluted samples exhibit good stability 
indicates that it is the decrease in the concentration of vanadium that is the dominant 
factor. The same additives were then tested at high temperature (50°C).
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T able 3 .6  - S tab ility  testing at 50°C  (for 100 days) o f  0.1 mol dm ^ vanad ium  in 3 m ol dm'^ su lfuric acid  
solution w ith  1% o f  an additive. G reen = stab le for 100 days and R ed =  stab le for X  n u m b er o f  days and  
then failed  ( ‘B lan k ’ refers to ju st the vanad ium -acid  solution , ‘W ater’ refers to the van ad ium -acid  
solution  diluted  w ith lw t%  w ater  and ‘Sulfuric A c id ’ refers to the van ad ium -acid  solu tion  d iluted  w ith  
lw t%  su lfu ric  acid).
J I i j j i  Î I I | 1 |
c/5 Oh W
V 1 0 0 1 0 0 10 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0
IV 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 10 0 1 0 0 1 0 0 1 0 0
III 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0
40wt% trimethylamine in water was used as received.
The ‘blank’ vanadium solutions all have good high temperature stability as 
previously shown in Table 3.2. The results shown in Table 3.6 above, demonstrate 
that all of the additives tested do not impede the high temperature stability of the 
vanadium solutions.
These high and low temperature stability test results indicate that decreasing the 
concentration of the vanadium within the solution is the dominant factor in 
determining cold temperature performance (-20°C). At higher temperatures (50°C), 
all of the vanadium solutions are stable and dilution using water or acid does not 
hinder stability. It has been found that the additives (shown to be stable to oxidation) 
do not aid high or low temperature stability.
Table 3.7 shows the effect of the addition of 10wt% of water or sulfuric acid to the 
vanadium solutions. A 10% dilution of both vanadium and sulfuric acid (using water) 
causes the stability at -20°C of vanadium(V) and vanadium(IIl) to be reduced from 
100 days to just 3 days. In contrast, a 10% dilution of just the vanadium species 
(using sulfuric acid alone) does not affect the cold temperature stability of the 
vanadium species. This demonstrates that the concentration of the vanadium species 
is the dominant variable.
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T able 3 .7  - S tability  testing  at -20°C  (for 100 days) o f  vanad ium  (aq, 0.1 mol dm'^) in su lfuric acid (aq, 3 
m ol dm ^) solution  w ith  10w t%  o f  an additive. G reen = stab le for 100 days and R ed =  stab le for X  num ber  
o f  days and then failed.
S I
l i l t
g 5  ^  I
3
C / 5
> 5
V I  3 100
IV 100 100 100
111 1 3 100
These results potentially show that increasing the concentration of sulfuric acid is 
advantageous in terms of cold temperature stability. For VRFBs operating in colder 
climates, a balance between high vanadium concentration for higher energy density 
and higher sulfuric acid concentration for increased stability at cold temperatures 
must be achieved.
3.6. Conclusions
The testing of vanadium species (no additive present) show that vanadium(lV) 
solutions are the most temperature stable of the vanadium species of those tested, 
stable at both high (50°C) and low (-20°C) temperatures. The additives found to be 
stable to oxidation (in vanadium(V) solution) were tested and found to offer no 
benefits to the stability of vanadium species at various temperatures. It was 
determined that the concentration of vanadium and sulfuric acid is important -  
decreasing the concentration of vanadium or increasing the concentration of sulfuric 
acid improves the low temperature stability without hindering the high temperature 
stability.
The use of additives in VRFBs must be carefully considered as many of the 
compounds commonly used to improve cold temperature performance in other 
industries, such as ethylene glycol or glycerol, could detrimentally affect the state of 
charge of the battery. The change in oxidation state of vanadium that occurs when 
using hydroxyl-containing compounds may or may not be reversible. Further testing
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is needed to determine the extent to which these changes are electrochemically 
reversible. If good reversibility is demonstrated then compounds, such as ethylene 
glycol, could be used to improve the cold temperature stability of vanadium 
electrolytes.
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4. Membrane Testing and Development
The membrane in a vanadium redox flow battery (VRFB) has two functions: to 
prevent cross-contamination of the two electrolytes and to conduct protons (to 
balance electron movement) (1 - 3). Currently, two of the biggest issues for VRFB 
separator membranes are their chemical stability and their permeability to vanadium 
cations. It is therefore important to determine which factors affect these properties 
and then to implement that knowledge in synthesising new ion exchange membranes.
4.1. Commercial Membranes
The most commonly used membrane for redox flow batteries (RFBs) is the cation 
exchange membrane (CEM) Naflon (produced by DuPont, also referred to as a 
proton exchange membrane) due to its excellent chemical stability and high proton 
conductivity (minimum of 0.1 S cm'  ^ measured at 25°C in water (4)). For European 
markets, an alternative supplier of membranes, specifically for RFBs, is FuMA-Tech 
(Germany).
A range of commercial VRFB membranes (detailed in Table 4.1) were tested to 
determine their ionic conductivities (measured in sulfuric acid), giving an indication 
of the target conductivity range when synthesising membranes in-house. Nafion 115 
(dehydrated thickness of 0.127 mm) was chosen instead of Nafion 117 (dehydrated 
thickness of 0.178 mm) frequently reported in literature. Nafion 115 is thicker than 
the FuMA-Tech membranes but is at least closer in dimension than the Nafion 117.
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Table 4.1 -  Details of the commercial membranes for VRFBs that were tested.
Name,
M anufacturer
Type Chemistry Applications
Hydrated
Thickness
(mm)
Perfluorovinyl
Nafion 115, 
DuPont
Cation
Exchange
ether groups with 
sulfonate end 
groups on a 
tetrafiuoroethylene 
backbone
Chlor-alkali 
industry, fuel cells, 
sensors
0.151
Commercial A, 
FuMA-Tech
Cation
Exchange
Perfluorosulfonic
acid
Perfluorosulfonic
RFB (aq) and fuel 
cells
0.058
Commercial B, 
FuMA-Tech
Cation
Exchange
acid reinforced 
with glass fibre 
mesh
RFB (aq) and fuel 
cells
0.076
Commercial C, 
FuMA-Tech
Anion
Exchange
No details given RFB (aq) (pH<6) 0.056
Commercial D, 
FuMA-Tech
Anion
Exchange
No details given RFB (aq) 0.032
4.1.1. Preparation of Commercial Membranes
Nafion was activated via the following procedure. The dehydrated membrane (as 
supplied) was immersed in the following solutions at 90°C for 1 hour in each and 
with thorough rinsing with deionised water in between each solution change -  
hydrogen peroxide (aq, 1 mol dm'^), sulfuric acid (aq, 1 mol dm'^) and finally 
deionised water. The other commercial membranes have no activation procedure and 
so the dehydrated membranes were simply hydrated. All membranes were then 
stored in deionised water until needed.
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4.1.2. Ionic Conductivity of the Commercial Membranes
■g 60-
o
>
u3T3CoUCJ
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C
Figure 4.1 -  Ionic conductivities of a selection of commercial membranes, measured in sulfuric 
acid (aq, 1 mol dm^) at 22°C. Error bars (some are smaller than plotted symbols) are derived 
from the standard deviation of 5 repeats.
Nation exhibits the highest conductivity (62 mS cm'^) with Commercial B having 
approximately half the conductivity (29 mS cm"') of Nation. The other three 
membranes have conductivities < 20 mS cm''. This was unexpected as it is widely 
assumed that high membrane ionic conductivity is a requirement in VRFBs. The fact 
that some of FuMA-Tech’s membranes have relatively low ionic conductivity 
potentially signifies that there is, in fact, an upper limit of conductivity past which 
there is no further benefit. Theoretically, a VRFB membrane only requires a certain 
minimum level of proton conductivity (to balance the electron movement around the 
battery).
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4.2. Stability of Potential Membrane Head Groups
Chapter 3 screened compounds of different chemistries for their resistance to 
oxidation by vanadium(V) (where vanadium(V) is reduced to vanadium(IV)). Some 
of the compounds tested in that work can be thought of as ‘models’ of head groups 
that could be used for ion exchange membranes. If a compound were found to be 
susceptible to oxidation, then that could indicate that its functional groups, if placed 
on a VRPB membrane, would not be chemically stable. The results from Chapter 3 
(summarised in Table 4.2) can therefore act as a guide for chemical stability when 
designing ion exchange membranes.
Table 4.2 -  Summary of which functional groups are susceptible to oxidation thus reducing 
vanadium(V) to vanadium(IV).
No reduction Reduces (V) to (IV)
Carboxylic Acid Hydroxyl
Ketone 
Amide 
Amines 
Sulfonate
Head group testing indicates that hydroxyl-containing chemistries should be avoided 
when designing membranes, due to their susceptibility to oxidation.
4.3. Objectives
The solution casting of membranes of consistent thickness without pinholes can be 
problematic and time consuming. Radiation grafting was therefore chosen as the 
synthesis method for this study. Radiation grafting (using an electron beam) offers 
the benefit of utilising pre-formed, low cost commercial polymer films. Furthermore, 
this technique allows the composition and resulting properties of the final membrane 
to be more easily controlled through the grafting conditions (5). Radiation grafted ion 
exchange membranes have been extensively researched for fuel cell applications but 
not seen significantly in VRFBs (6  -  8 ).
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CEMs are the typical choice for VRFBs, but anion exchange membranes (AEMs) 
may offer significant benefits, particularly in reducing vanadium cation permeability 
whilst maintaining sufficient proton transport {via the vehicular mechanism) (9). In 
recent years, research has focussed on using solution-cast AEMs in VRFBs with 
Chen et al finding that a quaternary ammonium functionalised poly(fluoroenyl 
ether) AEM has very low permeability to vanadium(V) cations, resulting in 100% 
coulombic efficiency during short term VRFB tests (stable for 15 cycles) (10).
The broad aims of this work were to synthesise ion exchange membranes using 
radiation grafting with a view to investigating the factors affecting vanadium cation 
permeability. Head group testing found that carboxylic acids, ketones, sulfonates and 
amines all show good stability to oxidation in vanadium(V) solutions. CEMs were 
therefore functionalised with sulfonate head groups and variations of the carbonyl 
group (ketones and carboxylic acids), and AEMs were synthesised using amine- 
containing groups.
4.3.1. Anion Exchange Membranes
The aim of synthesising new radiation-grafted membranes was to reduce the 
vanadium cation permeability that can be a significant problem facing membranes 
for VRFBs and is widely reported in the literature (9 -  11). AEMs may offer a way 
of reducing the permeability of vanadium cations, but maintaining some proton 
conductivity. The electrostatic repulsion between the positively charged functional 
groups on the membrane and the positive vanadium cations may help reduce 
permeability. Several variables were examined when synthesising amine- 
functionalised AEMs in order to determine their effect on the properties of the final 
polymer. The variables of interest were the backbone (pre-cursor polymer film), the 
effect of aromatic groups, and the effect of using different amine-containing 
chemistries.
Backbone
The membranes were synthesised by grafting a monomer on to an irradiated polymer 
backbone (irradiated via electron beaming), as opposed to solution casting. Having 
chosen this synthesis method, the choice of membrane backbone is important. There
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is only limited research on radiation-grafted membranes for RFB applications. Seo et 
al. found that PE grafted with vinylbenzylchloride (VBC), followed by reaction with 
pyridine gave a membrane that had lower cation permeability than Nafion (12). 
However, the cations tested were sodium, iron, magnesium and aluminium and not 
vanadium types. In general, conventional hydrocarbon backbones degrade in the 
presence of oxidising agents whereas perfluoroinated backbones tend to have good 
chemical stability. However, partially or non-fluorinated backbones are cheaper and 
their stability could be improved with the addition of aromatic functional groups 
(11). For this study, partially fluorinated and non-fluorinated precursor membranes 
were compared, specifically ethylene tetrafiuoroethylene (ETFE) and ultra-high 
molecular weight polyethylene (PE).
Aromatic Nature
As mentioned above, stability could be enhanced by the presence of aromatic 
moieties; AEMs were made using VBC (aromatic) or chlorobutene (CB) (non- 
aromatic) to connect the backbone to the amine-based functional group. The addition 
of aromatic groups may result in a more structurally ‘open’ (less dense) membrane 
and could cause higher vanadium cation permeability.
Amine Groups
A selection of amine-containing compounds was used to functionalise the grafted 
membrane to assess their effect on the properties of the final polymer.
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4.3.2. Cation Exchange Membranes
In the head group stability testing (Chapter 3) ketones, carboxylic acids and 
sulfonates were found to be stable in acidic solutions of vanadium(V). With a view to 
using these head groups, the aim was to synthesise CEMs membranes {via radiation 
grafting) with a range of permeabilities in order to better understand the factors that 
affect this property.
Aromaticity
The sulfonate group was used to assess the effect of aromaticity: allyl sulfonate (AS) 
was used as an aliphatic CEM head group and vinylbenzyl sulfonate (VBS) was used 
as an aromatic CEM head group.
Controlling Vanadium Cation Permeability
In order to achieve a range of permeabilities, while maintaining some ionic 
conductivity, the carbonyl group was chosen as a head group. For low permeabilities, 
a ketone group was used, in the form of methyl vinyl ketone (MVK). To increase 
conductivity, single and multiple carboxylic acids were used.
4.4. Summary of Membrane Synthesis
A selection of cation and anion exchange membranes were synthesised through 
methodologies detailed in Chapter 2. Figure 4.2 and Figure 4.3 summarise the 
membranes made and their chemistries. ETFE is shown as an exemplar backbone 
(same reactions assumed to occur when using PE). The VBC used was a meta/para 
mix (1:1) but only para structures are shown for clarity. Several of the functional 
groups used are capable of crosslinking, which will be discussed later; for clarity 
non-crosslinked groups are illustrated.
69
Chapter 4: Membrane Testing and Development
ETFE
ETFE—Q- Vinylbenzyl
Chloride
Chloro
Butene ETFE—O
ETFE VBC HC CH.
ETFE-CB
ETFE—O'
Tetramethyl 
Imidazole ,
DABCO
ETFE— O'
ETFE—O'
HC CH;
ETFE-VB-MA
ETFE-VB-TMl
ETFE—O'
CH.
ETFE B-DABCO
ETFE—O'ETFE—O' ETFE-VB-DMA
CH.
ETFE-VB-TMA
ETFE-VB-DABCO
CH
Figure 4.2 -  Reaction scheme for the grafting of anion exchange membranes, starting from the 
formation of the oxygen radical.
Methyl Vinyl Ketone Allyl Sulfonate
P E - 0 PE
CHz PE-AS  
0 = S = 0
I
OH
CH Vinylbenzyl
.Su lfonate
Acrylic
AcidPE-M VK
Citraconic
Acid
P E - 0Aconitic
Acid
P E - 0 PE-VBS
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PE A A
P E - 0
OH PE-Acon A
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Figure 4.3 -  Reaction scheme for the grafting of cation exchange membranes, starting from the 
formation of the oxygen radical.
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4.5. Results; Characterisation and Intrinsic Properties
4.5.1. Anion Exchange Membranes
A selection of AEMs were synthesised and were characterised using IR spectra and 
their properties (conductivity, lEC, GWU) quantified.
4.5.1.1. Characterisation
Figure 4.4 and Table 4.3 show the IR spectra and peak assignments for each of the 
AEMs synthesised, using ungrafted ETFE or PE membrane as a comparison.
©
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ETFE-VB-TMI
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Wavenumber (cm" )
Figure 4.4 -  Infrared spectra after each stage of membrane grafting for AEMs with an ETFE 
backbone (a peak around 2300 cm * is atmospheric CO2). The key peaks for each spectra are 
encircled for clarity (For an enlarged version, go to Appendix A, Chapter 7).
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Table 4.3 -  Key infrared peaks (circled in Figure 4.4) and assignments for AEMs with an ETFE 
backbone (13).
Membrane Peak (cm'^) Assignment
ETFE-VBC 680 Benzene
781 C-Cl
809 C-H from a di-substituted 
benzene
1479 C-H from aliphatic CH2
1585,1679 Aromatic C=C
2898 C-H
ETFE-VB-MA 2847 C-H
ETFE-VB-DMA 1099 C-N
2761 N-H
2807,2844,2971 C-H from amine
ETFE-VB-TMA 879 C-N aliphatic amine
2852,2929 C-H from amine
ETFE-VB-DABCO 792 C3-N
1078 C-N
2852,2929,2958 C-H from DABCO
ETFE-VB-TMI 788 C3-N
1099 C-N
2908,2950 C-H from CH2
ETFE-CB 2942 C-H from CH2
ETFE-B-DABCO 788 C3-N
856,2900 C-H
1099 C-N
The initial graft with VBC was successful, with peaks corresponding to the benzene 
ring and the C-Cl group present. The subsequent aminations all seem to have been 
successful, with several peaks that correspond to the amine-containing functional 
groups added and the C-Cl peak absent. ETFE-VB-MA unfortunately only has one 
small peak (C-H from the MA group), raising questions as to how successful the 
graft was, this can be determined using conductivity and lEC testing. ETFE-CB only 
shows a single peak (C-H); it was expected that the C-Cl peak would also be
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observed, possibly indicating an unsuccessful graft. However, the ETFE-B-DABCO 
spectrum has the peaks corresponding to the presence of DABCO.
y \
0>QC PE-VB-DABCO 
PE-VB-TMA 
PE-VB-DN4A 
PE-VBC 
PE
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Figure 4.5 -  Infrared spectra after each stage of grafting for AEMs with a PE backbone (a peak 
around 2300 cm ' is atmospheric CO2). The key peaks for each spectrum are encircled for 
clarity (For an enlarged version, go to Appendix A, Chapter 7).
Table 4.4 — Key infrared peaks (circled in Figure 4.5) and assignments for AEMs with a PE 
backbone (13).
Membrane Peak (cm^) Assignment
PE-VBC 657 Benzene or C-Cl
PE-VB-DMA 802 C-H
1012, 1085 C-N aliphatic
2757 N-H
2954 C-H from CH3
PE-VB-TMA 806,875,956 C-H
1008,1089 C-N aliphatic
2954 C-H
PE-VB-DABCO 700 C3-N
790,858 C-H from C=C-H
1012, 1072 C-H aliphatic
1047 C3-N
2954 C-H
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The membranes appear to have been grafted with the aromatic VBC group and 
aminated successfully, with multiple C-H and C-N IR peaks from the functional 
groups being observed.
4.5.1.2. Ion Exchange Capacity and Gravimetric Water Uptake 
Distinguishing Between Different Types o f Amine-Containing Head Groups
Secondary
Amine
Tertiary
Amine
Quaternary
Ammonium
Initial Structure
Total lEC 
Titration 
(uses HCI)
Quatemaiy- lEC 
Titration 
(uses KCl)
: N— CH3 
H
N  CH3
CH]
: N  CH3
H K®C,®
CH3
: N— CH3
H3C— N— CH3 
CHs
Cl® 01® 01®
evl---- CH3 H : N----- CM] H3C— N— CH3
CH3
CH, K® Cl®
Cl
H3C— N— CH3 
CM]
Figure 4.6 -  An explanation of how the titrations detect different head groups in an ion 
exchange membrane, where the red bond shows the link to the membrane structure (primary 
amines will respond in the same way as secondary and tertiary amines).
The total amine content is determined by using hydrochloric acid which protonates 
all amines, making them ammonium groups with a positive charge with a ehloride 
counter ion. The titration then determines the number of chloride ions that were in 
the membrane and it is assumed that 1 ehloride ion represents 1 ammonium group on 
the membrane.
During the quaternary lEC titration, the membrane is soaked in potassium chloride, 
instead of hydroehloric acid. Therefore the quaternary ammoniums will be the only
74
Chapter 4: Membrane Testing and Development
charged amine groups in the membrane (no acid to protonate the primary, secondary 
or tertiary amines) and the potassium ehloride allows each ammonium group to gain 
a chloride counter ion. Any secondary or tertiary amines will not gain a chloride 
counter ion due to their lack of charge. The titration then quantifies the number of 
chloride ions present. The difference between the total ammonium content and the 
quaternary content is due to the non-quaternary amines present (primary, secondary 
and tertiary). An amine group would not be detected by the titration if its chemical 
situation made it unable to protonate (designated ‘undeteetable’).
Effect o f Varying the Backbone
Table 4.5 -  The effect of different backbones on the total ion exchange capacity and gravimetric 
water uptake of the final membrane (n = 3).
Average Standard Average Standard
Membrane Total lEC Deviation GWU Deviation
(mmol g'^ ) (mmol g'*) (%) (%)
ETFE-VB-DMA 1J3 0.02 8.8 1.21
ETFE-VB-TMA 1.65 &02 36A &29
ETFE-VB-
DABCO
1J3 0 .0 1 3&5 0.91
PE-VB-DMA 1.87 0.03 6 .1 1 .01
PE-VB-TMA 2^5 0 .0 1 224 032
PE-VB-DABCO 2.14 0 .0 2 2 1 .0 039
The high lECs, together with the IR spectra, clearly indicate that these membranes 
have been suceessfully grafted. The lEC of ETFE-VB-TMA is well within the range 
of reported values in literature (7, 8 , 14). ETFE-VB-DABCO shows a slightly lower 
degree of functionalisation and ETFE-VB-DMA is lower still. The order of the 
degree of functionalisation in terms of the chemistry of the amine groups is the same 
for both backbones; the DMA group gives the lowest lECs and the TMA group gives 
the highest. This gives an indication of their ability to permeate into the membrane 
structure -  TMA can permeate the membrane better than DMA.
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The DMA-functionalised membranes (ETFE-VB-DMA and PE-VB-DMA) have 
approximately one third of the water uptake of their -TMA and -DABCO 
counterparts. The very low water uptake of ETFE-VB-DMA was unexpected due to 
the lECs of all three amine-functionalised membranes are all relatively similar. This 
indieates that the DMA group is inherently more hydrophobie, most likely due to its 
lack of permanent positive charge when grafted to the membrane; it remains tertiary 
whilst both TMA and DABCO groups become quaternary (assuming DMA has very 
little crosslinking, discussed in further detail in ‘Effect of Varying the Amine 
Chemistry’, below).
The PE-based membranes have higher levels of funetionalisation. As the same 
funetional groups and method were used to synthesise both types of membrane, the 
PE-based polymers are likely to have a higher number of active sites (radicals 
created by eleetron beaming) than ETFE. Both baekbones were exposed to the same 
dose of radiation but PE has more of the weaker C-FI bonds in its structure than 
ETFE (has stronger C-F bonds as well as C-H) (15).
Ejfect o f Aromaticity
Table 4.6 - Effect of aromaticity on the total ion exchange capacity and gravimetric water 
uptake of the final membrane (n = 3).
Average Standard Average Standard
Membrane Total lEC Deviation GWU Deviation
(mmol g'*) (mmol g'*) (%) (%)
ETFE-VB-
DABCO
1.53 0 .0 1 363 0.91
ETFE-B-DABCO 0.13 035 2 .2 0.70
The lEC and GWU of ET-B-DABCO (non-aromatic) confirms the IR spectra; the 
membrane has a low level of grafting. As DABCO has a high lEC in the aromatic- 
grafted version, it is likely that the low functionality is caused by difficulty in 
grafting CB to the backbone, instead of difficulty in functionalising the CB with
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DABCO. Due to the unsuceessful grafting, it is not possible to draw any conclusions 
as to the effeet of aromaticity on the properties of the membrane.
Effect o f Varying the Amine Chemistry
The I EC and GWU (Table 4.7) of ETFE-VB-MA confirm a low degree of grafting 
for the MA functional group, explaining the lack of functional group peaks observed 
in the IR spectra. As previously discussed, ETFE-VB-DMA has a relatively high 
I EC but a very low GWU, whereas ETFE-VB-TMA and -DABCO both show high 
lECs and GWUs. The IR spectra for ETFE-VB-TMI showed several peaks 
corresponding to the TMI funetional group indieating a successful graft; however its 
lEC and GWU are low so it has a limited degree of grafting.
Table 4.7 - Effect of varying amine chemistry on the total ion exchange capacity and gravimetric 
water uptake of the final membrane (n = 3).
Average Standard Average Standard
Membrane Total lEC Deviation GWU Deviation
(mmol g *) (mmol g *) (%) (%)
ETFE-VB-MA 0.37 0 .01 4.2 039
ETFE-VB-DMA 1.33 0 .0 2 8.8 1.21
ETFE-VB-TMA 1.65 0 .0 2 3&4 039
ETFE-VB-
DABCO
1.53 0 .0 1 363 0.91
ETFE-VB-TMI 0.45 0 .0 1 7.5 0.14
As briefly mentioned previously, some of the amine-containing functional groups 
have the potential to crosslink to spatially local CH2-CI groups. Figure 4.7 illustrates 
this and details the ehanges in the type of amine present (secondary, tertiary or 
quaternary).
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Amine Initial bond to membrane Crosslink 2"^  Crosslink
MA : N — CH3
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Figure 4.7 -  The ability of the amine-containing functional groups to crosslink within the 
membrane structure where the red bond is the link to the membrane backbone. The type of 
amine in each example is labelled in blue.
The total lEC measures the total number of amine groups on a membrane sample -  
primary, secondary, tertiary and quaternary. The quaternary titration measures only 
the number of quaternary amine groups and the difference between the total number 
of amines and the number of quaternary gives the number of non-quaternary amines 
(primary, secondary and tertiary). This in-depth analysis, shown in Figure 4.8, may 
provide more information.
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Figure 4.8 -  The effect of amine chemistry on ion exchange capacity split into the numbers of 
quaternary and non-quaternary amines present.
ETFE-VB-MA and ETFE-VB-DMA both have mixtures of quaternary and non­
quaternary amines, indicating that both groups crosslink to some extent within the 
membrane structure (if no crosslinking occurred then nearly all of the nitrogens 
would be in a non-quaternary state). The MA group must crosslink twice to be able 
to form quaternary ammoniums, which it does in approximately 36% of cases. The 
majority of MA groups (64%) are a mixture of tertiary and secondary. The level of 
crosslinking in ETFE-VB-MA is much higher than in ETFE-VB-DMA, where 
approximately 2 0 % is crosslinked and 80% are tertiary.
ETFE-VB-TMA contains nearly 100% quaternary ammoniums, exactly as expected 
because, in order to become tertiary, a TMA would have to lose one of its methyls, 
which is unfavourable. ETFE-VB-DABCO has approximately 90% quaternary 
amines and 10% tertiary. DABCO has a second nitrogen available for bonding with 
spatially local CH2-CI; the titrations indicated that nearly 90% of the DABCO 
molecules in the membrane have crosslinked in this manner, so ETFE-VB-DABCO 
could have a more dense, closer-packed structure than the other grafted AEMs.
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ETFE-VB-TMI also contains nearly 100% quaternary ammoniums. The TMI group 
is an aromatic ring and the nitrogen bonded to the membrane backbone is quaternary 
but the permanent positive charge (usually associated with quaternary ammoniums) 
will be delocalised (by resonance) within the aromatic ring structure. The lone pair 
on the nitrogen is not able to be protonated in order to maintain the aromaticity of the 
ring (‘undetectable’). Therefore, during titrations, one of the nitrogens will be 
detected as quaternary and one will be undetectable as highlighted in Figure 4.9.
/
CH,
CH
Figure 4.9 -  Resonances within the TMI functional group (red bond shows the link to the 
membrane backbone).
The titration for ETFE-VB-TMI has detected a small amount of non-quaternary 
amine. The only way for the TMI group to give a tertiary amine (once grafted to the 
membrane) is for it to lose its methyl group, which is unfavourable as methyls are 
not good leaving groups. The small amount of tertiary amine detected is therefore 
likely to be from ungrafted TMI groups are have become trapped in the membrane 
structure, despite repeated washings post-grafting.
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Mixture o f Amines
Table 4.8 -  The effect of mixed-amine chemistry on 
gravimetric water uptake of the final membrane (n = 3).
the total ion exchange capacity and
Membrane
Total lEC 
(mmol g *)
Standard 
Deviation 
(mmol g'^ )
GWU
(%)
Standard
Deviation
(%)
ETFE-VB-DMA 
50% DMA / 50%
1.33 032 8.8 1 .21
DABCO 
25% DMA / 75%
1.11 033 1 1 .2 0.71
DABCO 
10% D M A /90%
1.64 0.03 44.0 2.45
DABCO
ETFE-VB-
1.60 0 .0 1 43.1 240
DABCO
1.53 0 .0 1 363 0.91
The lEC and GWU show that the grafting of mixed-amine membranes was 
successful. The 1:1 mix (50% DMA and 50% DABCO) has a lower lEC than the 
other membranes and a low GWU, whereas the 75% and 90% DABCO versions 
exhibit higher lECs (and GWUs) than the 100% DABCO membrane (ETFE-VB- 
DABCO). Further titrations were conducted to examine the ratios of quaternary, 
tertiary and secondary amines present.
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Figure 4.10 - The effect of mixed-amine chemistry on ion exchange capacity split into the 
numbers of quaternary and tertiary amines present.
As the percentage of DABCO increases (0, 50, 75 and 90%), the number of 
quaternary ammoniums increases, suggesting an increasing level of crosslinking. The 
reason 90% DABCO (with 10% DMA) is more crosslinked than 100% DABCO 
(ETFE-VB-DABCO), is due to a synergistic effect with DMA. As DABCO 
crosslinks, it pulls the polymer chains closer together which increases the number of 
proximal CH2-CI groups to which the relatively small DMA molecule can bond, thus 
increasing the amount of crosslinking the DMA molecules can achieve. Overall, this 
synergy results in more quaternary ammonium groups in the mixed-amine membrane 
structure than in single-amine membranes (more permanent positive charges), which 
could translate into higher ionic conductivities being observed.
82
Chapter 4: Membrane Testing and Development
4.5.1.3. Ionic Conductivity 
Effect o f Varying the Backbone
CJ
CZ)P
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Figure 4.11 -  The ionic conductivity of membranes with ETFE or PE backbones (measured in 
sulfuric acid (aq, 1 mol dm"*) at 22°C). Error bars (some are smaller than plotted symbols) are 
derived from the standard deviation of 5 repeats.
Firstly, these results concur with IR spectra and lECs in that the grafting was 
successful due to the significant increase in conductivity from the backbone-VBC up 
to the finished, aminated membranes. ETFE-VB-TMA and -DABCO exhibit the 
highest conductivities and ETFE-VB-DMA has the lowest. The ionic conductivity is 
determined in sulfuric acid, meaning that all of the amine groups will protonate. The 
permanent positive charge associated with ammonium groups and the positive charge 
associated with the protonation of secondary and tertiary amines may have different 
effects on the chemistry of the membrane. The results indicate that the permanent 
positive charge associated with the quaternary ammonium groups resulting from 
TMA and DABCO are better able to conduct ions than the protonated secondary and 
tertiary amines. The ‘charged’ nature of TMA and DABCO, increases hydrophilicity 
and therefore increases conductivity. ETFE-VB-DABCO has lower conductivity than
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its TMA counterpart because DABCO has a tendency to crosslink (approximately 
90% determined by titration). Crosslinking results in a more closely packed, dense 
membrane structure, sterically inhibiting the permeation of ions and resulting in 
lower conductivities, and (in theory) decreased vanadium cation permeation.
Overall, the PE-based membranes have lower conductivities than the ETFE-based 
versions. This could be due to ETFE having more dipoles along the backbone 
(electronegativity differences caused by the presence of fluorine) resulting in ETFE 
being a less hydrophobic backbone, which could aid conductivity.
Effect o f Aromaticity
Unfortunately, time limitations only permitted one functional group to be examined 
and a much more extensive study would be required to confirm any preliminary 
conclusions drawn here.
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Figure 4.12 -  The ionic conductivity of aromatic (VBC) or aliphatic (CB) membranes (measured 
in 1 mol dm^ sulfuric acid at 22°C). Error bars (some are smaller than plotted symbols) are 
derived from the standard deviation of 5 repeats.
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Comparison between ETFE-VB-DABCO and ETFE-B-DABCO shows that the 
grafted aromatic version has a much higher conductivity than the grafted aliphatic 
version. However, it would be reasonable to expect that if the aliphatic grafting has 
been successful, there would be some increase in conductivity after the addition of 
DABCO to the chlorobutene group (DABCO is clearly a conductive group as proven 
by ETFE-VB-DABCO). The IR spectra and lEC results concur that chlorobutene has 
not grafted successfully and this membrane was therefore not tested any further.
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Figure 4.13 -  The ionic conductivities of a range of aminated ETFE-based membranes 
(measured in 1 mol dm^ sulfuric acid at 22°C). Error bars (some are smaller than plotted 
symbols) are derived from the standard deviation of 5 repeats.
The increase in conductivity from ETFE-VBC to the majority of the aminated 
membranes, suggests that the aminations has been successful (further confirming the 
IR results). The wide range of conductivities demonstrated by these amine- 
containing groups can be explained by their chemistry. ETFE-VB-MA has negligible 
conductivity whereas ETFE-VB-DMA has double the conductivity. As shown by the 
lEC results, the MA group crosslinks to a greater extent (as shown in Figure 4.7)
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than the DMA group. This significant increase in crosslinking could sterically inhibit 
the ability of ions to travel through the membrane, lowering ionic conductivity.
As already discussed, the conductivity of a membrane seems to be affected by the 
origin of the positive charge (caused by a quaternary ammonium or by the 
protonation of a secondary or tertiary amine). The permanent positive charge of the 
quaternary TMA and DABCO derived ammoniums give higher conductivity than the 
protonated tertiary DMA. The bonding nitrogen in the TMI group would be expected 
to have a permanent positive charge, but it is part of an aromatic ring which enables 
the délocalisation of the positive charge, thus reducing the effect of the positive 
charge. This results in ETFE-VB-TMI having lower conductivity than its TMA and 
DABCO counterparts.
It is important to note that the ionic conductivity testing is measuring the flow of ions 
across the membrane; it is not in itself able to differentiate between anions or cations. 
In a VRFB, the function of the ion permeable membrane is to allow the balance of 
charge (as electrons move around the circuit).
e* e'
CEM AEM
Figure 4.14 -  A simplified schematic of a VRFB describing ion conductivity through cation (A) 
and anion (B) exchange membranes.
The most commonly used membrane type is the CEM which transports protons to 
balance the flow of electrons around the system as shown in part A of Figure 4.14. 
Alternatively, AEMs can be used and it is unclear which of the two possible 
conductivity methods occurs -  conducting anions (sulfates) or by proton transport
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(part B in Figure 4.14). It is widely assumed that in a VRFB, an AEM conducts 
sulfate groups in order to balance the flow of electrons (9) (10). However, it is 
possible that protons are conducted by an AEM via the vehicular mechanism 
(transported in the form HgO )^. In reality, it is likely that both of these mechanisms 
occur but the extent to which each contributes to the total conductivity cannot be 
determined through this method alone.
Mixed- Amine Chemistries
The results reported in Figure 4.13, show that amine-functionalised membranes with 
either high or low conductivity. A mixture of DMA (low conductivity) and DABCO 
(high conductivity) on one membrane may result in a conductivity that is in the 
middle of the range.
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Figure 4.15 -  The ionic conductivities of mixed-amine membranes (measured in sulfuric acid 
(aq, 1 mol dm )^ at 22°C). Error bars (some are smaller than plotted symbols) are derived from 
the standard deviation of 5 repeats.
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Figure 4.15 shows that when 50wt% DMA and 50wt% DABCO was used, a lower 
conductivity than ETFE-VB-DMA was obtained. This is likely to be due to the 50/50 
mixed membrane having a lower lEC (1.1 mmol g'^) the ETFE-VB-DMA 
(1.3 mmol g'^). Higher levels of DABCO (75wt% and 90wt%) result in higher 
conductivities than ETFE-VB-DABCO (100% DABCO) further confirming that 
there is a synergistic effect between a small amount of DMA and a majority of 
DABCO. A combination of DMA and DABCO groups enable a greater degree of 
crosslinking to occur, resulting in more quaternary ammonium entities (permanently 
positive charge), thus aiding ionic conductivity.
4.5.2. Cation Exchange Membranes
A selection of CEMs were synthesised and were characterised using IR spectroscopy 
and their properties (conductivity, lEC, GWU) quantified.
4.5.2.1. Characterisation
Figure 4.16 and Table 4.9 show the IR spectra and peak assignments for each of the 
CEMs synthesised, using ungrafted PE or ETFE membrane as a comparison.
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Figure 4.16 -  Infrared spectra for each stage of grafting for CEMs with a PE backbone (a peak 
around 2300 cm^ is atmospheric CO;). Top image shows the full spectra and image below shows 
a zoomed in spectra with key peaks highlighted. The key peaks for each spectra are encircled 
for clarity (For an enlarged version, go to Appendix A, Chapter 7).
Most of the PE-based CEMs have peaks for antieipated groups, indicating successful 
grafts (Table 4.9). The exception to this is PE-VBS, which has no peaks 
corresponding to the VBS functional group. Two of the functional groups (aconitic 
acid and VBS) were also grafted onto an EFTE backbone (Figure 4.17).
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Table 4.9 - Key infrared peaks observed (circled in 
CEMs with a PE backbone (13).
Figure 4.16) with their assignments for
Membrane Peak (cm'^) Assignment
PE-AS 782 C-H
1008, 1081 S=0
1255 C-H
1336 C-H aliphatic
1683 C=C alkene
2946 C-H from CHi
PE-MVK 1336 C-H aliphatic
1698 C=0 ketone
PE-AA 788 C-H
1245 C-0 carboxylic acid
1348 C-H aliphatic
1700 C=0 carboxylic acid
PE-Acon A 796 C-H
1012, 1089 C-0 alcohol
856 C-H alkene
1257 C-0 carboxylic acid
1358 C-H aliphatic
1616 C=0 carboxylic acid
2948 C-H from CH]
PE-CA 806 C-H
1012, 1089 C-0 alcohol
1255 C-0 carboxylic acid
1358 C-H aliphatic
2956 C-H from CH]
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Figure 4.17 -  Infrared spectra for each stage of grafting CEMs with ETFE backbones (a peak 
around 2300 cm'* is atmospheric CO2). The key peaks for each spectra are encircled for clarity 
(For an enlarged version, go to Appendix A, Chapter 7).
Table 4.10 -  Key peaks (circled in Figure 4.17) for the grafting of CEMs with ETFE backbones 
(13).
Membrane Peak (cm ') Assignment
ETFE-VBS 609 C-H from C=C-H
759 C-H
869 C-H di-substituted benzene
1006, 1060 S=0
1 1 2 2 0=S=0
1396 Bonded 0-H (not water)
1635 C-H aromatic
The IR assignments indicate that the ETFE-VBS grafting was successful, with peaks 
for both the benzene group as well as the sulfonate group. However, ETFE-Acon A 
has none of the peaks expected for the carboxylic acid functional groups; further 
testing (conductivity and lEC) will ascertain the grafting success.
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4.5.2.2. Ion Exchange Capacity and Gravimetric Water Uptake 
Sulfonate-Functionalised Membranes
Table 4.11 - Effect of sulfonate chemistry on the total ion exchange capacity and gravimetric 
water uptake of the final membrane (n = 3).
Membrane
Total lEC 
(mmol g'^ )
Standard 
Deviation 
(mmol '^ )
GWU
(%)
Standard
Deviation
(%)
PE-AS 0.52 0.02 12.3 0.10
PE-VBS 0.34 0.06 10.1 1.76
ETFE-VBS 1.38 0.08 41.9 1.33
Both PE-based membranes have low lEC and, as a result, low water uptake. ETFE- 
VBS has a higher lEC (and GWU), but this may not mean the graft was successful. 
Membranes are stored in deionised water as standard and over the period of a few 
days; it was noted that the storage water for PE-VBS and ETFE-VBS became 
yellow. A small sample of this was taken, placed on a watch glass and the water was 
evaporated in a desiccator for 48 hours. This left a yellow polymer film on the watch 
glass and Figure 4.18 shows the infrared spectra of that polymer.
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Figure 4.18 -  Infrared spectrum of the yellow polymer produced from the storage solution of 
PE-VBS (peak around 2300 cm ' is atmospheric CO2). A. Full spectrum (600-3000 cm *)
B. Expanded spectrum showing some of the key peaks (800-1400 cm *). The key peaks for each 
spectrum are encircled for clarity.
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Table 4.12 -  Key peaks found in the infrared spectra of the yellow polymer film produced from 
the storage solution of PE-VBS (13).
Peak (cm^) Assignment
599 Benzene
669 C-H alkene
771 C-H di-substituted benzene
827 C-H para di-substituted benzene
1006, 1035 8 = 0
1 12 2 Bonded 0-H (not water)
1172 0 =8 = 0
1405 Bonded 0-H (not water)
1438, 1492 C=C aromatic or C-H aliphatic
1598 C=C aromatic
1623 C-H aromatic overtones
2842,2915 C-H from CH]
The IR spectra show the presence of disubstituted benzene, sulfonate groups and CHi 
groups, confirming the polymer is a derivative of VBS. It is likely that the VBS 
molecules (and its oligomers) are not grafting to the membrane backbone but are 
instead becoming trapped in the membrane with self-polymerisation initiated by 
backbone radicals and then slowly leaching from the membrane into the storage 
water solution; when that water is then evaporated, the VBS can then polymerise to 
form the film observed on the watch glass.
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Carbonyl-Functional ised Membranes
Table 4.13 - Effect of carbonyl chemistry on the total ion 
water uptake of the final membrane (n = 3).
exchange capacity and gravimetric
Membrane
Total lEC 
(mmol g‘ )^
Standard 
Deviation 
(mmol g'^ )
GWU
(%)
Standard
Deviation
(%)
PE-MVK 0 .1 2 0.23 0.56 0.58
PE-AA 0.25 O.ll 2.9 2.32
PE-CA 0 .1 0 0.43 1.4 0.63
PE-Acon A 0.16 0.08 1.2 0.67
ETFE-Acon A 0 .1 0 0.04 0.3 0.73
All of the carbonyl-functionalised membranes have low lECs, indicating low 
functionality. It is not understood why the grafting was not favourable; in the case of 
‘CA’ and ‘Aeon A’ groups, the alkene group is harder to access sterically which 
could affect the degree of grafting and the lEC. Further work is needed before any 
firm conclusions can be drawn.
4.5.2.3. Ionic Conductivity 
Sulfonate-Functionalised Membranes
The AS and VBS groups were grafted onto PE initially. Both PE-AS and PE-VBS 
membranes show an increase in conductivity (Figure 4.19) compared to the ‘blank’ 
PE (ungrafted), indicating that both grafts were successful to an extent. The 
aromatic-grafted PE-VBS has a higher conductivity than the aliphatie-grafted PE-AS 
which could be caused by the chemistry of groups themselves or by the differences 
in lEC.
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Figure 4.19 - The ionic conductivities of sulfonate-functionalised membranes (measured in 
sulfuric acid (aq, 1 mol dm at 22°C). Error bars (some are smaller than plotted symbols) are 
derived from the standard deviation of 5 repeats.
For the AEMs, an ETFE backbone was shown to give higher conductivities than PE, 
due to its higher hydrophilicity. The aromatic VBS monomer was grafted on to 
ETFE to see if its conductivity could be further increased. However, ETFE-VBS 
shows the same conductivity as the ‘blank’ ETFE, indicating that the grafting was 
not successful. The combination of low conductivity, high lEC (ETFE-VBS) and the 
analysis of the yellow leached polymer, all indicate that the VBS graft was not 
successful. No further research was carried out on the VBS functional group.
Carbonyl-Functionalised Membranes
Figure 4.20 shows that all of the PE carbonyl-functionalised membranes have higher 
conductivities than the ungrafted PE, indicating that, to some extent, the grafting was 
successful. Going from ketone to single, double and then triple carboxylic acid 
(MVK, AA, CA and then Aeon A), the conductivity increases. If all of the carboxylic 
acid groups deprotonate equally then as the number of carboxylic acid groups 
increases, the acidity of the solution increases due to higher numbers of protons 
being generated. The I EC of PE-Acon A was only 0.12 mmol g'' and it achieved a 
conductivity of nearly 3 mS cm '\ If the I EC could be increased then this group may
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provide a way of balancing conductivity with permeability as it could give equivalent 
conductivity using fewer groups (reducing the hydrophilicity of the membrane).
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Figure 4.20 - The ionic conductivities of carbonyl-functionalised membranes (measured in 
sulfuric acid (aq, 1 mol dm^) at 22°C). Error bars (some are smaller than plotted symbols) are 
derived from the standard deviation of 5 repeats.
The most conductive carbonyl-functionalised membrane is PE-Acon A, so the 
aconitic acid was grafted onto ETFE to examine its effect on conductivity. However, 
because there is no increase in conductivity from ETFE to ETFE-Acon A, it is likely 
that the grafting process was unsuccessful in that case.
4.5.3. Summary
Anion Exchange Membranes
A range of amine-functionalised AEMs were successfully synthesised. It was 
demonstrated that an ETFE precursor gave membranes with higher conductivities 
than a PE precursor. The effect of grafted aromaticity on conductivity could not be 
determined as the chlorobutene graft was unsuccessful. The different amine 
chemistries have a range of conductivities and by mixing DMA and DABCO a
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synergistic effect occurs, resulting in a greater degree of crosslinking. Ionic 
conductivity testing could not determine which species is predominantly responsible 
for an AEMs’ conductivity (protons or sulfates) but the charged ammonium groups 
seem to be crucial in either mechanism. A selection was next tested to ascertain their 
chemical stabilities and vanadium permeabilities, to study any link between ionic 
conductivity and vanadium cation permeability.
Table 4.14 -  Summary of AEMs: green = further research, red = no further testing.
Name Reason
ETFE-VB-MA Too brittle
ETFE-VB-DMA
ETFE-VB-TMA Range of conductivities and lECs
ETFE-VB-DABCO resulting in different properties
ETFE-VB-TMI
PE versions Lower conductivities
ETFE mixed amines
75% and 90% DABCO -  synergistic 
effect warrants further research
Cation Exchange Membranes
A range of groups was used to attempt to synthesise CEMs. The aromatic VBS group 
proved difficult to graft onto both PE and ETFE backbones. The tri-carboxylic acid 
group -  aconitic acid -  gave the highest resultant conductivity with a PE backbone, 
(relative to the other carbonyl-based groups), but all of the carbonyl -functional ised 
membranes have low lECs and therefore relatively low conductivities.
Table 4.15 -  Summary of CEMs: green = further research, red = no further testing.
Name Reason
PE-VBS and ETFE-VBS 
PE-AS, -MVK, -AA, -CA and ETFE- 
Acon A
PE-Acon A
Did not graft onto backbone
Conductivity too low
Conductivity relatively low but worth 
further research
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4.6. Results: Vanadium Cation Permeability
High vanadium cation permeability is one of the main problems facing VRFB 
separator membrane development and is widely discussed in literature (16 -  18). In 
general, current VRFB membranes are relatively permeable materials that have high 
proton conductivity to balance the flow of electrons around the RFB. However, these 
membranes also allow hydrated vanadium cations to permeate through, which cause 
significant losses in RFB efficiency. By determining the permeability of the 
membranes synthesised, a greater understanding of the factors affecting vanadium 
cation permeability was gained.
4.6.1. Effect of Vanadium Oxidation State on Permeability
Three of the four vanadium oxidation states were investigated -  (III), (IV) and (V) - 
to ascertain which gives the highest permeability. Vanadium(II) cannot be easily 
tested as it is oxygen sensitive, exposure oxidises vanadium(II) up to vanadium(III). 
Nafion 115 was chosen as a reference point for this experiment as it is the most 
commonly used membrane in VRFBs. These results are shown in Figure 4.21.
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Figure 4.21 -  The concentration of vanadium cation species arising by permeation across the 
membrane into originally vanadium-free sulfuric acid. This method has a repeatability error of 
3.25% when done in duplicate.
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Sun et al reported that vanadium(V) has the highest permeability of the species 
tested here, and vanadium(III) was found to have the lowest (18). Whilst the 
vanadium(III) results are in agreement with literature (lowest permeability), Figure 
4.21 shows that for the majority of the 300 hour test period, vanadium(IV) has the 
highest cross-over, but literature suggests that vanadium(V) has the highest 
permeability (19). However, the experiments reported by Sun et al are carried out 
over 13 hours. During the time period 0 - 1 3  hours in Figure 4.21, vanadium(V) has 
the highest permeability. These findings show that testing carried out over short time 
spans (<50 hours) do not give an accurate representation of vanadium cation 
permeability, especially when considering operational VRFBs run for thousands of 
hours. Indeed, the 300 hour time period shown above may also be insufficient but in 
order to compare several membranes, a practical time period must be chosen.
Vanadium(IV) has the highest cross-over during the 400 hour test period and is also 
the most readily available of the vanadium species, as it does not require 
electrochemical preparation, as well as being the most stable oxidation state. Due to 
the extra electrochemical preparation required for vanadium(V) and (III), it was not 
practical to measure the permeation of each vanadium species through each 
radiation-grafted membrane. Therefore, the permeability performance of the 
synthesised and commercial membranes was compared using vanadium(IV) sulfate. 
The commercial membranes from FuMATech (Section 4.1) were used as a 
benchmark.
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4.6.2. Permeation of Vanadium(IV) through Anion Exchange Membranes
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Figure 4.22 -  The concentrations of vanadium(IV) cations permeating though anion exchange 
membranes (normalised for membrane thickness). The method has a repeatability error of 
3.25% for each data point.
The two commercial AEMs (C and D) perform very differently. Membrane C shows 
a continuous increase in vanadium(IV) permeation over the course of 300 hours, 
finishing with one of the highest concentrations of permeated vanadium. However, 
membrane D allows almost no vanadium(IV) to permeate through. Although both C 
and D have relatively low conductivities, D has the lower conductivity indicating that 
it is possibly more hydrophobic or that it has a more dense structure, leading to both 
lower conductivities and permeabilities.
ETFE-VB-DMA was expected to have low cross-over due to its relatively 
hydrophobic nature meaning the hydrated vanadium cations are less able to permeate 
through its structure. ETFE-VB-TMA and -DABCO both have high cross-over, 
potentially attributed to their more conductive, hydrophilic nature. The mixed-amine 
membranes have cross-overs higher than ETFE-VB-DABCO, which is due to their 
higher conductivities, caused by the synergistic effect between DMA and DABCO. 
However, that synergistic effect is thought to involve a greater degree of crosslinking 
which would be expected to decrease cross-over (sterically harder for vanadium 
cations to permeate). Based on this evidence, one possibility is that the mixed ETFE- 
VB-DMA/DABCO (25%/75% and 10%/90%) membranes are more crosslinked
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which brings functional groups closer together to facilitate conductivity, but not so 
crosslinked that the channels are small enough to sterically hinder vanadium(IV) 
cations. Further work would involve increasing crosslinking even more (to reduce 
permeability), potentially by using divinylbenzene. ETFE-VB-TMI has virtually no 
permeability until 120 hours, when it increases rapidly and then plateaus. This 
sudden increase in permeability is possibly indicative of a change in the membranes’ 
chemistry i.e. membrane oxidative degradation.
4.6.3. Permeation of Vanadium(IV) through Cation Exchange Membranes
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Figure 4.23 - The concentrations of vanadium(IV) cations permeating though cation exchange 
membranes (normalised for membrane thickness). The method has a repeatability error of 
3.25% for each data point.
Nafion shows high cross-over due to its high conductivity. This is a widely reported 
weakness of Nafion (9, 11). The other two commercial membranes (A and B) show 
very different performances, with A having relatively high cross-over (though lower 
than Nafion). However, membrane A has the lower conductivity so it would be 
expected to have better cross-over performance. Membrane B is reinforced with a 
glass fibre mesh which may help lower its permeability to vanadium(lV) cations. 
PE-Acon A has good cross-over performance, due to its hydrophobicity (caused by 
its low degree of functionality or its low conductivity).
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4.6.4. Comparisons
It is clear from Figure 4.22 and Figure 4.23 that, in general, AEMs seem to 
unexpectedly show higher permeability to vanadium(IV) than CEMs. It was 
hypothesised that AEMs may help alleviate cross-over via their positively charged 
groups electrostatically repelling the vanadium cations. Chen et al synthesised a 
poly(fluoroenyl ether) functionalised by quaternary ammonium groups and found it 
had very low permeability to vanadium(V) species (10). It has also been reported that 
increasing the lEC of the membrane leads to increased permeability to vanadium 
species (9). Based on the results in this study, the opposite appears to be true, 
potentially because the radiation grafted membranes are more permeable than the 
examples reported in literature. Further work would involve decreasing porosity by 
increasing crosslinking to ascertain its effect. It also seems that, in general, the more 
conductive a membrane, the higher its permeability. Therefore it seems likely that 
the degree of hydrophobicity of the membrane is the main factor for controlling both 
conductivity and cross-over, thus achieving a balance between the two properties is 
crucial.
Of the radiation grafted membranes, ETFE-VB-DABCO is the closest to achieving a 
good balance between conductivity and permeability. However the focus of further 
work would be to synthesise a membrane that has a cross-over of around 2  mol dm'^ 
cm'  ^ after 300 hours (between ETFE-VB-DABCO and ETFE-VB-DMA) and 
determine if its conductivity is suitable.
4.7. Results: Thermo-Oxidative Stability
The aim of this study was to subject samples of membrane to conditions similar to 
those that they would be exposed to in an operational VRFB to determine the 
membranes’ chemical stabilities. Samples of membrane were placed in 
vanadium(V)-acid solution (the most oxidising environment in the VRFB) for 
100 days. An elevated temperature of 50°C was used to accelerate any degradation 
over a more practical timescale. The properties of the membranes were quantified
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pre- and post- stability test to assess the level of degradation. In-house grafted 
membranes were compared to commercial RFB membranes. In theory, the 
vanadium(V) species can oxidise the membranes’ head groups causing degradation 
and reducing the vanadium(V) to vanadium(lV). The lEC and ionic conductivity for 
each of the membranes were measured at 0  and after 1 0 0  days.
4.7.1. Anion Exchange Membranes
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Figure 4.24 -  Total ion exchange capacity of the AEMs before (0 days) and after (100 days) 
stability testing. Error bars (some are smaller than plotted symbols) show the standard 
deviation of 3 repeats.
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Figure 4.25 - The ionic conductivities of anion exchange membranes before (0 days) and after 
(100 days) stability testing (measured in sulfuric acid (aq, 1 mol dm^) at 22°C). Error bars 
(some are smaller than plotted symbols) show the standard deviation of 3 repeats.
The two commercial AEMs (C and D) have good chemical stability with little 
change in conductivity or lEC (Figure 4.24 and Figure 4.25). ETFE-VB-DMA 
and -TMl also appear to show good chemical stability -  possibly due to their greater 
hydrophobicity in comparison to ETFE-VB-TMA and -DABCO. The hydrated 
vanadium(V) cations will not be able to permeate through the membrane structure as 
easily in a more hydrophobic membrane, limiting their interaction with the 
membranes’ functional groups and thus reducing degradation. It is possible that the 
lack of degradation in ETFE-VB-DMA indicates that tertiary ammonium groups are 
more stable than the quaternary ammoniums in ETFE-VB-TMA and 
ETFE-VB-DABCO. Both ETFE-VB-TMA and -DABCO show a significant loss of 
ion exchange head groups and also conductivity. In light of these results, further 
work was carried out to establish the exact cause of the instability -  heat, 
vanadium(V) or sulfuric acid (or a combination of these factors).
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Figure 4.26 -  The total ion exchange capacity of some of the AEMs before (0 days) and after 
(100 days) stability testing in different aqueous conditions. Error bars (some are smaller than 
plotted symbols) are derived from the standard deviation of 3 repeats.
Aging the AEMs at 50°C in water alone causes no significant lEC loss but the 
presence of sulfuric acid causes some loss (particularly in ETFE-VB-TMA). It is 
apparent that exposing the membrane to vanadium(V) species (at either ambient or 
elevated temperatures) causes the majority of the degradation, especially in the more 
hydrophilic membranes (ETFE-VB-TMA and -DABCO). ETFE-VB-DMA shows 
minimal degradation in all conditions due to its more hydrophobic nature. By 
determining the ratio of quaternary to non-quaternary groups in the membranes and 
any changes to that ratio (after 100 days in vanadium(V) solution at 50°C), a greater 
understanding of the mechanism of degradation can be gained (Figure 4.27).
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Figure 4.27 - The ion exchange capacity split into the numbers of quaternary and tertiary 
amines present, before (0 days) and after (100 days) stability testing.
ETFE-VB-DMA shows little degradation over the 100 days and the chemistry (ratio 
of quaternary and non-quaternary amines) of DMA groups remains approximately 
constant. The small loss in lEC is likely to represent the loss of DMA products on the 
surface of the membrane, rather than from its core, due to the more hydrophobic 
nature of ETFE-VB-DMA.
In the case of ETFE-VB-TMA, the chemistry of the TMA attached to the backbone 
remains the same (quaternary) but the membrane loses approximately 80% of its 
functionality indicating that the TMA group is susceptible to oxidation when in the 
quaternary form on the membrane. This contrasts with the preliminary head group 
testing where just the tertiary TMA group (not bound to a polymer) was exposed to 
vanadium(V) (Chapter 3). ETFE-VB-DABCO also loses most of its lEC 
(approximately 90%). It appears its tertiary amines are degraded more easily than the 
quaternary ones - the non-crosslinked DABCO groups are being degraded more 
readily than the crosslinked ones. However, the TMA group appears less susceptible 
to oxidation when in the tertiary form and it undergoes oxidation readily when in the 
quaternary form in the membrane. The non-crosslinked DABCO groups would be
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more accessible to the vanadium(V) species as the membrane would have a more 
‘open’ local structure in the areas with reduced crosslinking.
At this stage, it is clear that TMA and DABCO groups are not stable to oxidation by 
vanadium(V), but it is not known where that instability lies within the membrane 
structure. There are several options for the location of attack (bond breaking), in 
particular N-CH2 (a bond common to all the synthesised AEMs) or O-CH2 (electron- 
rich oxygen atom more likely to be a point of oxidation) (Figure 4.28).
ETFE— o
H3C \
CH3
Figure 4.28 -  Diagram illustrating possible degradation areas within the membrane 
(demonstrated with ETFE-VB-TMA), red bonds show where breaks could occur.
Despite its total lEC loss being very small (indicating stability), the chemistry of 
ETFE-VB-TMl’s amine groups has changed drastically -  from nearly all quaternary, 
to nearly all tertiary. There are several possible explanations for this. During 
degradation the TMI group could be severed from the membrane backbone via the 
N-CH2 bond. It is reasonable to infer that TMA, DABCO and TMI groups would be 
oxidised in a similar way due the similarities in their chemistries (N-CH2 common to 
all of these membranes). This scenario is supported by the bond energies within the 
system (Table 4.16). The N-CH2 is one of the weakest bonds within all of the AEMs. 
However it is difficult to see how an oxidation could occur as there is no obvious 
nucleophile present (Figure 4.29).
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Table 4.16 -  Energies of the bonds within the membrane systems (15).
Bond Bond Enthalpy (kJ mol^)
C=C 611
C-H 414
N-H 389
C-0 360
c-c 347
C-N 305
ETFE — O
©
ETFE— O
HaC
,CH3
CHa
Figure 4.29 -  Nueleophilic attack (oxidation) of the N-CH2 bond, common to all of the amine- 
based AEMs (nucleophile represented by ‘X’).
If the TMI group is severed from the membrane structure, it is likely that it would 
maintain its aromaticity (greater stability). However, this would result in a mixture of 
quaternary and tertiary amines in approximately a 1:1 ratio being detected by the 
titration, as demonstrated in Figure 4.30. However the titration results at 100 days 
show nearly all tertiary amines.
Tertiary
W Undetectable
Undetectable
H^C Quaternary
CH.
Figure 4.30 -  TMI group after being degraded from the membrane if the N-CH2 bond was 
broken. The type of amine group is labelled in each case, as detected by titration.
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Alternatively, the aromatic TMI ring could be broken, leaving the opened ring 
(containing amine groups) still attached to the membrane backbone and thus still 
detectable by the titration. The permeability results (Figure 4.22) showed that ETFE- 
VB-TMFs permeability suddenly changes (very low permeability to very high 
permeability), indicating a sudden change in the chemistry of the membrane. If the 
aromatic ring opened, the membrane structure would become less dense (due to 
fewer bulky ring groups) and vanadium cations would be able to permeate through 
more easily as they would be less sterically hindered. However, this suggests that 
TMA, DABCO and TMI membranes degrade via different mechanisms despite their 
identical chemical links to the membrane backbone (N-CH2 or O-CH2).
If the nitrogens were being lost from the membrane, at the end of the stability test 
there would be amine groups present in the vanadium solution. Attempts were 
therefore made to separate out the degraded amine groups using an organic solvent 
(dichloromethane), so that gas chromatography-mass spectrometry (GC-MS) could 
be used to determine the degradation products (vanadium and acid, which would 
damage the instrument, should remain in the aqueous phase). However, no amine- 
containing compounds were detected by the GC-MS, only the antioxidant present in 
the solvent was found.
It was thought that the amine-containing compounds would have been left in the 
aqueous layer. A fresh sample of vanadium solution (after membrane stability 
testing) was neutralised with excess potassium hydroxide (to pH 10) and a green 
precipitate was formed and filtered off. The resulting solution was again separated 
using dichloromethane and the organic layer was run in GC-MS. However, still no 
amine-containing degradation products were found. It is likely that the amine- 
containing degradation products precipitated out of solution together with the 
vanadium species.
A simple test was conducted on the precursor nitrogen compounds. Samples of the 
aminating agents -  DMA, TMA, DABCO and TMI -  were exposed to vanadium(V) 
solution at 50°C. After 50 days, the DMA-, TMA- and DABCO-containing 
vanadium solutions were still yellow, indicating no reduction of the vanadium(V) 
and thus no oxidation of the nitrogen groups had occurred. However, the TMl-
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containing vanadium solution had turned green indicating that the vanadium(V) had 
oxidised the TMI group to some extent. This adds further weight to the suggestion 
that the aromatic TMI group degrades differently to the other amine groups. Further 
work would be needed to investigate this.
4.7.2. Cation Exchange Membranes
IccU
&
IUJ
Æ ...............
Nafion 115 
Commercial A 
Commercial B 
PE-Acon A
Figure 4.31 -  The ion exchange capacity of the cation exchange membranes before (0 days) and 
after (100 days) stability testing. Error bars (some are smaller than plotted symbols) show the 
standard deviation of 3 repeats.
Literature reports suggests that Nafion 115 should have an lEC of approximately
0.92 mmol g"' (4) but the measured lEC values (0 days) have a mean of
1.05 mmol g"\ showing a small variation. As expected, Nafion shows good stability 
in both conductivity and lEC. The other two commercial membranes (A and B) show 
little change in lEC but significant losses in conductivity. This could be indicative of 
a reversible change in their functional group chemistry, with reversibility possibly 
governed by pH as the stability and conductivity testing are in acidic conditions but 
the titration conditions are approximately neutral.
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Figure 4.32 - The ionic conductivities of cation exchange membranes before (0 days) and after 
(100 days) stability testing (measured in sulfuric acid (aq, 1 mol dm^) at 22°C). Error bars 
(some are smaller than plotted symbols) show the standard deviation of 3 repeats.
The radiation-grafted GEM, PE-Acon A, shows some loss in lEC which could 
indicate that carboxylic acid head groups are unstable to some extent in vanadium(V) 
solution contrary to the precursor molecule testing done in Chapter 3. However, 
further work would be needed to confirm this.
4.8. Conclusions
Commercial membranes specifically designed for VRFBs have relatively low 
conductivities, indicating that there is an upper limit to beneficial improvement in 
conductivity. Radiation grafted membranes were synthesised and characterised. They 
exhibit a range of conductivities, permeabilities and stabilities. It is clear that the 
properties of conductivity, lEC and permeability are closely linked. Broadly 
speaking, the higher the lEC and conductivity of a membrane, the higher the cross­
over. Controlling the lEC (and hydrophobicity) of the membrane is the key to being 
able to control and predict its permeability to vanadium cations. In terms of chemical 
stability, it has been shown that the oxidising vanadium(V) species are responsible
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for nearly all of the degradation seen in the amine-functionalised AEMs. 
Furthermore the preliminary head group testing indicated that amines and carboxylic 
acid groups were not susceptible to oxidation by vanadium(V) but when these groups 
were grafted onto a membrane that was not always the case. Any future precursor 
molecule testing results should be viewed cautiously when trying to determine the 
groups’ chemical stability when grafted to a polymer.
Anion Exchange Membranes
An ETFE backbone in amine-functionalised AEMs allows higher conductivities than 
a PE backbone. Mixing amine groups on a single backbone can lead to synergistic 
partnerships between amine groups -  combining DMA and DABCO allows for 
greater conductivities but also higher permeabilities to vanadium cations. A more 
crosslinked, denser membrane structure appears to help alleviate vanadium cation 
permeability. It has been shown that the amine-based functional groups are not stable 
long term in vanadium(V), although the exact mechanism of degradation is not yet 
known.
Cation Exchange Membranes
A PE backbone is preferable to ETFE for CEMs functionalised with carbonyl-based 
groups. The carbonyl groups (specifically carboxylic acids) seem to have greater 
chemical stability compared to the amine-based groups and lower permeabilities. 
However both of these characteristics could be caused by the low lEC seen with PE- 
Acon A.
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5. Vanadium Redox Flow Battery Testing
5.1. Literature
There has been extensive research of vanadium redox flow batteries (VRFBs) as 
discussed in Chapter 1. A small sample of published VRFB test conditions is 
presented in Table 5.1. It is clear that there is a wide variety of methodologies used 
when running VRFBs.
Electrolyte and Electrode
The electrolyte consists of the electroactive species, vanadium, dissolved in sulfuric 
acid. The concentration of vanadium needs to be as high as possible to maximise the 
energy storage capacity of the VRFB but this is limited by the solubility of the 
vanadium species (1 - 4). The increased cost associated with a higher concentration 
of vanadium species is also an important consideration for small single-cell 
laboratory testing. Literature (examples in Table 5.1) reports vanadium 
concentrations varying from approximately 1 to 2  mol dm'^ dissolved in sulfuric acid 
ranging from 2 to 5 mol dm'^(5 - 8 ).
Electrode material most frequently used is carbon or graphite felt (9 - 12). The felt 
can be ‘activated’, typically by oxidation, prior to cell assembly (1). Alternatively the 
felt can be activated electrochemically within the cell (5 - 7). Activation (either via 
oxidation or electrochemically) can aid the interaction between vanadium species 
and the electrode surface and thus improve VRFB performance.
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Table. 1 -  A sample of VRFB cell conditions published in literature.
Electrolyte^ Electrode Membrane Details References
1.4 mol dm'^ V in 0 .7 - 1.7 V
2  mol dm'  ^sulfuric Carbon felt Novel 100 mL min'^ ( 2 ,3 )
acid 80 mA cm'^
1 mol dm'  ^V in 0 .7 - 1.7 V
2.5 mol dm'^ Carbon felt Novel 20, 40, 60 and (4)
sulfuric acid 80 mA cm'^
2 mol dm’^  V in 0 .8 - 1.7 V
2.5 mol dm'^ Carbon felt Nation 117 113.4 mL min'^ (5)
sulfuric acid 40 mA cm’^
2 mol dm'^ V in 
2.5 mol dm'  ^
sulfuric acid
Graphite felt 
(5 mm thick)
Novel 0 .8 - 1.7 V (6 )
2 mol dm'  ^V in 5 
mol dm'  ^sulfuric 
acid
Graphite felt 
(oxidised in 
air at 400°C 
for 30 mins)
Nation 117
0 .8 - 1.7 V 
25, 50, 75 and 
100 mA cm'  ^
20 mL min'^
10% compression
( 1)
1.7 mol dm'  ^V in 1.25-1.6 V
3.3 mol dm'^ Graphite felt Novel 25, 50, 75 and (7)
sulfuric acid 1 0 0  mA cm'^
2 mol dm'^ V in 
5 mol dm'  ^sulfuric 
acid
Graphite felt Commercial
1 -1 .8  V
20 mA cm'^
(8 )
1.2 mol dm'^ V in 
3 mol dm'  ^sulfuric 
acid
Carbon felt 
(5 mm thick)
Commercial
0 .7 - 1.7 V 
60 mA cm'^
(9)
1.8 mol dm'^ V in 
3 mol dm'  ^sulfuric 
acid
Graphite felt Commercial
0 .7 - 1.7 V 
30 mA cm'^
(1 0 )
vanadium is abbreviated to ‘V’ in this column
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Flow Rate
The rate at which electrolyte is pumped into the cell (flow rate) affects the redox 
process of vanadium species at the electrode. Many experimental procedures in 
literature (examples in Table 5.1) do not report the flow rate used (7, 9, 11). 
Literature which does state the electrolyte flow rate used, reports values between 20 
mL min'^ (1) up to over 100 mL min'^ (5, 6 , 8 ). The wide range of flow rates used 
indicates that the optimum flow rate is specific to each cell conflguration (assuming 
the flow rates reported are the result of optimisation studies).
Voltage Window
During charge and discharge, the voltage is cycled between upper and lower limits. 
There are discrepancies in literature as to how the voltage window relates to state of 
charge. For example, Chen et al report that cycling between 1.25 and 1.6 V 
corresponds to cycling the battery between approximately 10 -  90% state of charge 
(7) whereas Kim et al report that cycling between 0.8 -  1.7 V is equivalent to 
0 -100% state of charge (1). The majority literature reports cycling between 0.7 or 
0.8 V up to 1.7 V (5, 6 , 8 , 13, 14). The lower voltage limit varies due to attempts to 
prevent corrosion of the graphite felt electrode (6 ).
Electrode Compression
Electrode compression refers to the method of ensuring good electrical contact 
between the electrode and the current collector. The amount of compression on the 
electrode is rarely reported in literature (5 -  9). When it is reported, the values are all 
low, i.e. 10% (1). This implies that only a small amount of compression is required to 
ensure a good electrical contact between the electrode and current collector.
Current Density
Current density is the electric current per unit area of the electrode, and can range 
between 20 up to 100 mA cm"^  in literature (11, 12). Literature also frequently 
reports several current densities being investigated -  Chen et al found that a current 
density of 25 mA cm'^ was necessary for optimal energy, voltage and coulombic 
efficiency (25, 50, 75 and 100 mA cm'  ^were tested) (7), but optimal current density 
is likely to be dependent upon cell design.
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5.2. Objectives
Single VRFB cells were to be commissioned and optimised for electrolyte flow rate, 
electrode compression, current density and voltage window.
Materials
An electrolyte composition was chosen based on literature (Table 5.1) and the ionic 
conductivity of sulfuric acid at different concentrations.
Table 5.2 -  Ionic conductivities of different concentrations of sulfuric acid (11).
Sulfuric Acid (wt%) Sulfuric Acid (mol dm^)
Ionic Conductivity at 
25°C (S cm ')
1 0.1 0.049
3 0.3 0.141
5 0.5 0.237
10 1 0.427
2 0 2 0.709
30 3 &828
40 4 0.77
50 5 0.62
75 7.5 0.182
1 0 0 10 0 .0 1
Sulfuric acid’s ionic conductivity peaks at approximately 0.828 S cm"\ 
corresponding to a concentration of 3 mol dm'^. A vanadium concentration of 1.5 
mol dm'  ^was chosen as it is an approximate average of published literature (7, 8 , 13,
14).
As shown in Table 5.1, graphite felt is commonly used as the electrode in VRFBs 
(9-12) and therefore it was chosen as the electrode material for this work. The 
commercial membrane. Nation, was chosen as the separator membrane for this work 
as it is the most commonly used commercial membrane in VRFBs (8 , 10).
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Flow Rate
Flow rate refers to the rate at which the electrolyte is pumped through the cell. There 
is, in principle, an optimal flow rate -  if too fast then some vanadium ions are moved 
away from the electrode before the redox process has occurred and if too slow, then 
the vanadium ions spend longer than necessary at the electrode, increasing charge or 
discharge times.
Voltage Window
The voltage window determines which voltage limit the cell is cycled between 
during charge and discharge, which corresponds to varying the battery’s state of 
charge. If the window is too wide, the battery will be less efficient and there is the 
possibility o f ‘potential controlled’ side reactions occurring (6 ).
Compression
All of the VRFB cells in current literature rely on electrode compression to ensure a 
good electrical contact between the felt electrode and the current collector. A balance 
is needed between good electrical contact (through compression) and the surface area 
of the felt (compression reduces surface area, which will limit the rate at which the 
redox processes can occur). Literature does not report how electrode compression is 
calculated; this work uses the following calculation (Equation 5.1). The compression 
of the electrode was varied using spacers of various thicknesses (Figure 5.1).
Gap depth 
(determined by the 
thickness of the 
spacer and gaskets)
M em brane
G asket G asket
Felt 
Electrode
G asketGasket
Figure 5.1 -  Cross-sectional illustration of one side of the cell showing the configuration of the 
felt electrode, current collector and membrane with the spacer and gaskets.
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(Thicknesspeit -  Thicknesscap)Compression = ------------——----------------------
Thicknesspeit
Equation 5.1 -  The equation used to calculate the compression (%) of the electrode involving the 
thickness of the felt (mm) and the depth of the gap (mm).
The gap is defined by the thickness of the spacer and the two gaskets, but the rubber 
gaskets are compressible to an extent, making any eompression calculation an 
approximation only. By calculating the compression on the electrode with and 
without gaskets, the minimum and maximum eompression is obtained for each 
spacer.
Table 5.3 -  Calculation (Equation 5.1) of the compression on the electrode (with and without 
gaskets) with spacers of a variety of thicknesses. The thickness of the felt is 6 mm and each 
gasket has an uncompressed thickness of 1 mm.
Spacer (mm)
Compression (%) without 
gaskets included
Compression (%) with 
gaskets included
1 83 50
2 67 33
3 50 17
4 33 0
The actual compression on the electrode using two compressible rubber gaskets is 
likely to be an average of the two extremes shown in Table 5.3. It was therefore 
assumed that each of the spacers (+ gaskets) compressed the felt electrode by the 
approximate values shown in Table 5.4.
Table 5.4 -  Approximate compression on the felt electrode by each of the spacers.
Spacer (mm)
Approximate compression on 
the electrode (%)
1 65
2 50
3 35
4 15
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Current Density
The cell is charged by applying a current for a period of time during which the 
voltage is measured. The higher the current, the quicker the charging process but the 
higher the internal resistance loss of the cell (internal resistance is inversely 
proportional to the current applied).
5.3. Methodology
All chemicals were used as received from Sigma Aldrich, unless otherwise stated. 
All water used was deionised water (approximately 18 cm resistivity).
5.3.1. Cell Construction
A VRFB cell was designed at Surrey and constructed by C-Tech Innovation (UK). 
The VRFB was composed of a symmetric cell consisting of two polymer-composite 
(poco) graphite current collectors, two aluminium secondary current collectors, two 
graphite felt electrodes with an area of 25 cm ,^ two polyvinylchloride (PVC) end 
plates and a membrane to separate the two electrolytes (Figure 5.2). Ethylene 
propylene diene monomer (EPDM) rubber gaskets (1 mm thickness) were placed 
between each of the components to prevent electrolyte leakage. The graphite felt (6  
mm thickness) was used as supplied by SGL Carbon (Germany). The cell was 
secured with 8  nuts and bolts that were tightened to 4 N m '\ The compression on the 
felt electrodes was varied using high density polyethylene (HDPE) spacers.
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PVC end plate, backed with a metal plate 
(cell secured with 8 nuts and bolts)
Aluminium 
secondary 
current collector 
(tab used to connect 
to battery tester)
Cell-to-pipe
coimectors
Poco graphite current 
collectors containing 
electrolyte flow path
Figure 5.2 -  Photo showing the inside of the Surrey VRFB (does not show gaskets, spacers, 
membrane and electrode).
The electrolyte tanks (glass bottles) were filled with 1.5 mol dm'^ vanadium sulfate 
in 3 mol dm'^ sulfuric acid in a 2:1 ratio for the initial electrolyte charging (using 
volumes of 400 and 200 cm^). Double the volume of the positive electrolyte 
(vanadium(IV)/(V)) was used because the vanadium(lV) oxidation to vanadium(V) is 
a one electron process whilst the reduction of vanadium(IV) down to vanadium(II) is 
a two electron process. During cell charge-discharge cycling, a 1:1 ratio of 
electrolyte was used (with 200 em  ^ on each side). Viton tubing (Masterflex FDA 
Viton L/S tubing, size 25) was used to connect the electrolyte tanks to the cell. A 
peristaltic pump (Masterflex L/S pump with an Easy-Load pump head (M77202-60)) 
were used to flow the electrolyte into the cell continuously. The tanks were 
constantly purged with nitrogen to protect the vanadium(ll) from oxidation. Figure 
5.3 shows how the cell is connected with the electrolyte tanks and the battery tester.
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ELECTROLYTE: 
Vanadium sulfate 
in sulfiiric acid
Pipes transporting 
the electrolyte
Battery tester 
connector 
leads clipped to 
aluminium current 
  collector tabs
T
CELL:
Contains the felt electrodes, membrane, 
spacers, gaskets, current collectors and end plates
Figure 5.3 -  Photo showing the VRFB set-up at Surrey (yellow platform is a spill-tray).
5.3.2. Electrochemical Measurements
All electrochemical measurements were conducted using an Arbin Four-Channel 
Battery Tester (Model MSTAT4) using MITSPRO software.
Initial Charge
The cell voltage was held at 1.7 V and the current was monitored. The current 
steadily decreases during charging and then plateaus when the cell is fully charged 
(Figure 5.4).
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Figure 5.4 -  Current measured over time during the initial charging of the electrolyte (voltage 
held at 1.7 V).
Charge-Discharge Cycling
The basic galvanostatic method involved applying a constant current and monitoring 
the voltage. When the voltage reaches maximum (within the set voltage window) 
during charge, the cell was immediately switched to discharge where a constant 
current was drawn until the minimum voltage was reached. Several variables were 
investigated -  flow rate of electrolyte, electrode compression, current density and 
voltage window -  in order to optimise the system.
5.3.3. Data Analysis
On completion of the charge-discharge cycling, the MITSPRO software calculates 
capacity (A h) and energy (W h) for each charge and discharge. The efficiencies of 
the cell can then be calculated using the following equations.
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Discharge Energy
Energy Efficiency  = ——--------    x 100%
Charge Energy
Discharge Capacity
Coulombic Efficiency =  ——------------   :- x 100%
Charge Capacity
Energy Efficiency  
vol tage Efficiency =  coulombic Efficiency ^
Equation 5.2 -  Equations to calculate the efficiencies of a RFB.
5.3.4. Standard Conditions
A set of standard conditions was chosen for the optimisation of the cell. Nation 115 
separator membrane was activated as previously detailed in Chapter 4. The cell was 
run using these conditions, varying them one at a time.
Table 5.5 -  Set of standard conditions for cell optimisation.
Condition Details
Flow Rate 
Electrode Compression 
Voltage Range 
Current
80 mL min' 
Approximately 65% (1 mm spacers) 
0.8-1 .7  V 
0.5 A
125
Chapter 5: Vanadium Redox Flow Battery Testing
5.4. Results: Optimisation
5.4.1. Flow Rate
Flow rates between 40 and 120 mL min'  ^ were tested, with a cell run for two charge- 
discharge cycles per flow rate.
Table 5.6 -  The effect of electrolyte flow rate on the efficiencies of the VRFB.
Flow Rate 
(mL min"')
Average Energy 
Efficiency (%)
Average Coulombic 
Efficiency (%)
Average Voltage 
Efficiency (%)
40 63.72 95.94 66.42
60 64.37 95.93 67.10
80 65.75 95.93 68.54
10 0 66.64 95.92 69.47
1 2 0 63.07 95.58 6 6 . 0 0
Coulombic efficiency is relatively unaffected by the flow rate. The energy and 
voltage efficiencies peak at 80 -  100 mL min''. There did not seem to be any 
significant efficiency increase by running at 100 mL min ' compared to 80 mL min ' 
so the lower flow rate was chosen to reduce wear and tear on the Viton pipes.
5.4.2. Compression
A range of HDPE spacers was provided by C-Tech -  1, 2, 3 and 4 mm. The cells 
containing the 2, 3 and 4 mm spacers (equating to approximately 50, 35 and 15% 
compression of the felt electrode respectively) all failed to cycle correctly.
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Figure 5.5 -  VRFB cycling test with approximately 50% compression of the felt electrode (2 mm 
spacers) with an expanded insert showing the ‘jump’ between minimum and maximum voltages.
The cells completed their cycles in fractions of a second instead of over several 
hours. The voltage is ‘jumping’ between the minimum and maximum voltages (0.8 
and 1.7 V). This implies that there is insufficient electrical contact between the 
current collector and the electrode due to too little compression. The 1 mm spacer 
(approximately 65% compression (Figure 5.6)) was therefore chosen as it does cycle 
correctly, indicating that there is sufficient contact between current collector and 
electrode.
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Figure 5.6 -  VRFB test with approximately 65% compression of the felt electrode (1 mm 
spacers) showing charge-discharge cycling.
5.4.3. Voltage Window
The vast majority of literature points to 1.7 V being the optimum upper voltage limit 
in order to avoid unwanted side reactions, but the reported lower voltage limit varies 
between 0.6 and 0.8 V. Two complete discharges were performed down to 0.8 V and 
then two complete discharges were performed down to 0.6 V (Figure 5.7) in order to 
ascertain which the optimal lower voltage limit is.
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Figure 5.7 -  VRFB cycling down to 0.8 V for the first two cycles and then down to 0.6 V for the 
last two cycles.
The vertical tail in the discharge curve shows that the cell is fully discharged by 
0.8 V and going down to 0.6 V simply extends the vertical line -  increasing cycling 
time and increasing the likelihood of unwanted side reactions, due to the wider 
voltage window.
5.4.4. Current Density
Initially 20 mA cm'^ (0.5 A over 25 cm  ^electrode area) was used as it is at the lower 
end of the ranges published in literature. At that current density, the cell cycled with 
an internal resistance (IR) of 0.4 Ohms (Equation 5.3) as shown in Figure 5.8.
Resistance =
Voltage (E)
Current Range (A)
Equation 5.3 -  Equation to calculate the internal resistance of the VRFB.
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Figure 5.8 -  The VRFB cycle with a current density of 20 mA cm  ^(0.5 A over 25 cm  ^electrode) 
showing a voltage drop of 0.4 V which is due to internal resistance losses.
The current density was then doubled to 40 mA cm'^ (equivalent to 1 A over 25 cm  ^
of electrode) (Figure 5.9). The result was as the current was applied, the internal 
resistance caused the measured voltage to jump over the maximum 1.7 V. Thus, the 
battery tester detected the cell as ‘charged’ as it was at a voltage corresponding to 
100% state of charge (1.7 V). The internal resistance of this cell design therefore 
limits the current density to 20 mA cm' .^
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Figure 5.9 -  VRFB cell run at 40 mA cm  ^(1.0 A over 25 cm  ^electrode) showing the large jumps 
in voltage which are caused by the internal resistance losses. This does not correspond to 
charge-discharge cycling as intended.
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5.4.5. Summary
Several of the variables involved in cycling a VRFB have been optimised, providing 
a set of standard conditions at which to run the cell whilst comparing the membranes 
synthesised in Chapter 4.
Table 5.7 -  The standard conditions at which to run the VRFB.
Condition Details
Flow Rate 80 mL min'^
Electrode Compression Approximately 65% (1 mm spacers)
Voltage Range 0.8-1 .7  V
Current 0.5 A (equivalent to 20 mA cm'^)
5.5. Results: Cycling Issues
The main aim of commissioning an operational VRFB was to test the novel, 
synthesised membranes (Chapter 4) and compare their performance to Nation 115 
and other commercial membranes. Having tested Nation 115 during the optimisation 
of the cell, a FuMA-Tech membrane ‘commercial A’ was tested next. The voltage 
‘jump’ caused the cell to complete its cycling in a fraction of a second instead of 
over several hours (exactly the same problem as was seen in Figure 5.5 whilst testing 
the 2 mm spacers and Figure 5.9 whilst applying a current density of 40 mA cm'^). 
Initially it was thought that this indicated that the internal resistance had increased 
and was most likely due to the membrane ‘commercial A’ being more resistive than 
Nafion. To confirm this, Nafion was returned to the cell and was re-run. However, 
instead of reducing the internal resistance, it remained too high for the cell to cycle 
effectively demonstrating that the change in separator membrane was not the 
problem. Further trials, involving changing the electrolyte and then the felt electrodes 
(swapping used for fresh samples) to identify the source of the problem, resulted in 
no reduction in the internal resistance. The internal resistance was therefore 
artificially reduced by once again decreasing the current to 0.1 A (equivalent to 
4 mA cm'^).
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5.6. Results: Use of Eiectrodag
All published literature on VRFBs apparently uses eompression alone to ensure a 
good electrical contact between the current collector and the felt electrode. 
Collaboration with a colleague resulted in the idea that performance may be 
improved by combining compression with the use of a conductive adhesive to secure 
the felt to the current collector. The electrically conductive graphite ink - Eiectrodag 
(PF 407A from Acheson, UK) was used. A 500 nm layer of Eiectrodag was applied 
to the poco graphite current collector using a doctors blade (avoiding the electrolyte 
inlet holes) and the graphite felt was placed on the glue (approximate area of 
Eiectrodag 4 x 5  cm). This was allowed to cure in an oven at 90°C for 1 hour with a 
stainless steel plate placed on top of the felt to ensure an even adhesion. Once cooled, 
the VRFB cell was assembled with Nafion 115 as the separator membrane and 
secured to 4 N m"' torque, applying approximately 65% compression to the felt 
(1 mm spacers).
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Figure 5.10 -  VRFB cycling with Nafion using compression only (approximately 65%) at 0.1 A 
(cycles 2 ,3  and 4 shown).
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Figure 5.11 - VRFB cycling with Nafion using compression (approximately 65%) and a 500 nm 
layer of Eiectrodag at 0.1 A (a. shows cycles 2 ,3  and 4 and b. shows a zoomed in version to 
calculate internal resistance).
Relying on compression alone gives rise to an internal resistance (IR) of 2.52 Ohms 
(Figure 5.10) and, over the course of 5 cycles, a decrease in cell efficiency (Table 
5.8). Furthermore, the internal resistance increases with each cycle, as evident from
133
Chapter 5: Vanadium Redox Flow Battery Testing
the TR drop’ increasing cycle upon cycle in Table 5.8 (efficiencies decreasing cycle 
by cycle in the ‘compression only’ cell).
Table 5.8 -  Efficiencies (Energy (EE), Coulombic (CE) and Voltage (VE)) for each cycle to 
determine the effect of Eiectrodag.
Cycle* Compression only Eiectrodag and compression
EE CE VE EE CE VE
2 55.09 80.41 68.51 65.76 71.85 91.52
3 49.43 72.92 67.78 73.03 79.43 91.93
4 43.57 65.69 66.32 74.07 80.85 91.62
5 41.17 62.25 66.13 79.30 86.05 92.16
Cycle 1 is discarded as standard.
On inclusion of Eiectrodag, the internal resistance is greatly reduced to 0.485 Ohms 
(Figure 5.11) and this corresponds to significantly improved efficiencies. In fact, 
performance is increased cycle on cycle (with the internal resistance remaining 
constant) which demonstrates that the membrane and felt electrode are becoming 
fully activated (electrochemically). Given more cycles, the cycling efficiencies 
should stabilise. The Eiectrodag improves the electrical contact between the 
electrode and current collector which gives rise to improved cell performance.
5.7. Results: Long Term Cycling
The use of Eiectrodag significantly improved cell cycling efficiencies over the short 
term (up to 5 cycles) but long term cycling stability is crucial for VRFBs. 
Collaboration with a colleague facilitated the long term testing of a VRFB with the 
use of Eiectrodag (cell set up as per Section 5.6). Figure 5.12 shows 27 cycles of 
charge-discharge cycling of the VRFB, demonstrating cycling longevity. The 
changes in cell performance (EE, CE and VE) over the course of the 27 cycles are 
shown in Figure 5.13.
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Figure 5.12 -  Long term cycling (27 cycles) of the VRFB using Eiectrodag and approximately 
65% compression to secure the electrode to the current collector (with a current density of 4 mA 
cm  ^and Nafion 115 as the separator membrane).
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Figure 5.13 -  Changes in energy, coulombic and voltage efficiencies over 27 cycles of the VRFB 
using Eiectrodag and compression (approximately 65%) to secure the electrode and Nafion 115 
as a separator membrane at a current density of 4 mA cm
The dip in all three efficiencies between cycle 5 and 9 is representative of the 
membrane and electrode being activated in the cell. From cycle 10 onwards both the 
voltage and energy efficiencies increase and over further cycles (>27) both would be
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expected to plateau. The coulombic efficiency remains fairly constant (at 
approximately 99%) over cycles 10 to 27. The VRFB using Eiectrodag shows good 
cycling longevity over 27 cycles confirming that the conductive adhesive improves 
electrical contact and has good chemical stability to prolonged contact with the 
vanadium electrolytes.
5.8. Comparison to Literature
Table 5.9 compares the performance of the in-house VRFB using Eiectrodag with 
two similar examples reported in literature (some of the conditions do vary between 
cells A, B and C, particularly current density). All of the cells were run with Nafion 
and similar concentrations of vanadium. The electrodes of cell A and C are both 
graphite felt, but cell B uses carbon paper which limits compression.
The in-house VRFB C shows good comparability with cells A and B, with higher 
voltage and coulombic efficiencies and energy efficiency within the range of cells A 
and B. Improved voltage and coulombic efficiency indicates lower internal 
resistance, likely to be due to the better electrical contact provided by the Eiectrodag. 
Despite being operated at a lower current density, the in-house VRFB shows good 
comparable performance, possibly indicating that the better electrical contact due to 
the Eiectrodag compensates for the lower current density.
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Table 5.9 -  Comparison of in-house VRFB performance to reported performances from 
literature, under similar conditions (cycled between 0.8 -  1.7 V).
Property
VRFB A
(1)
VRFBB
(12)
VRFBC
(in-house*)
Membrane Nafion 117 Nafion Nafion 115
Electrode
Graphite felt 
( 1 0  cm )^ 
(activated^)
Carbon paper 
(4 cm^) 
(activated^)
Graphite felt 
(25 cm^)
2  mol dm'^ 1 mol dm'^ 1.5 mol dm'^
Electrolyte vanadium in 5 mol vanadium in 3 mol vanadium in 3 mol
dm'^ sulfuric acid dm'  ^sulfuric acid dm'  ^sulfuric acid
Flow Rate 20 mL min'^ Not specified 80 mL min"^
Current Density 50 mA cm'^ 10 mA cm'^ 4 mA cm'^
EE 76.6% EE 91.6% EE 86.93%
Performance CE 94.7% CE 80.3% CE 99.87%
VE81.0% VE 73.6% VE 86.94%
Eiectrodag and com pression (approxim ately 65% ), e ffic ien c ies taken at cycle  27  
 ^ pre-treated in an oven at 400°C  in air
 ^ pre-treated via son ication in sulfuric acid;nitric acid (3:1) m ix at 80°C  for 8 hours
If improvements could be made to the in-house VRFB to facilitate higher current 
densities, then the true effect of the Eiectrodag could be quantified. Furthermore, the 
thickness of Eiectrodag has not been optimised; too much and the pores of the felt 
electrode could become blocked, decreasing the surface area of the electrode, and too 
little Eiectrodag would result in a higher internal resistance. Optimisation could 
result in cell performance being improved even further.
Both cells A and B used pre-activated electrodes (activated prior to cell assembly), 
improving their performance (relative to unactivated electrode). Performance of the 
in-house VRFB could be potentially improved further still by the use of pre-activated 
electrodes, but in use the cell appears to be self-activating. It is not known if self­
activation (in the VRFB) is equivalent to pre-activation (prior to cell assembly), so 
further work is required.
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5.9. Conclusions
Several critical variables were tested and optimised -  flow rate (80 mL min’*), 
compression (approximately 65%) and voltage window (0.8 -  1.7 V). The high 
internal resistance of the VRFB required the current density to be reduced to 
4 mA cm’^  (equivalent to 0.1 A with an electrode area of 25 cm^).
The novel use of the conductive graphite ink -  Eiectrodag -  reduced the internal 
resistance of the VRFB by a factor of 5 and stabilised its performance cycle on cycle 
(where as efficiencies reduced each cycle in ‘compression-only’ cell). On 
comparison with literature, the in-house VRFB showed good comparability; further 
improvements to performance could be gained by optimisation of Eiectrodag 
thickness and pre-activation of graphite felt electrodes. Long-term cycling (27 
cycles) showed good cycling stability.
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6. Conclusions and Future Work
6.1. Exploration of Vanadium Electrolytes -  Effects of Temperature 
and Additives
6.1.1. Findings
Vanadium(IV) electrolyte was found to be the most stable of those tested, at both 
high (50°C) and low (-20°C) temperatures. It was determined that the concentrations 
of vanadium and sulfuric acid in the electrolyte have a significant effect on the 
thermal stability of the overall solution. Decreasing the concentration of sulfuric acid 
increases cold temperature stability without affecting the stability at 50°C. The 
additives found to be stable to oxidation by vanadium(V) did not improve electrolyte 
stability at either high or low temperatures.
6.1.2. Future Work
The change in oxidation state of vanadium that occurs when using hydroxyl- 
containing compounds needs to be further investigated, with a view to determining 
the electrochemical reversibility of the oxidation state change. If good 
electrochemical reversibility is demonstrated then additives, such as ethylene glycol, 
could potentially be used to improve cold temperature stability.
Flowing electrolyte
In the vanadium redox flow battery (VRFB) the electrolyte is constantly flowing, not 
stationary as it is in this test method. A flowing electrolyte may have a lower 
freezing temperature than a stationary one, and this test method is not representative 
of conditions in the VRPB. The effect of flowing on the freezing temperature of the
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vanadium electrolyte should be determined and future additive testing should be 
carried out using a flowing electrolyte if possible.
High temperature stability
This study found that vanadium(V) electrolyte is stable up to 50°C at a concentration 
of 0 .1  mol dm'^ but it is expected that at higher concentrations this would not be the 
case. Investigation of possible high temperature additives would be useful as the 
VRFB itself produces heat during operation. The additives either need to increase 
solubility of vanadium species at elevated temperatures or help prevent precipitate 
from forming. Skyllas-Kazacos et al have patented the use of additives such as 
glycerol or phosphoric acid for the purposes of stabilising the vanadium species in 
solution to prevent precipitate from forming (1).
Alternative uses for additives
The solubility of vanadium species in sulfuric acid limits the energy density of the 
VRFB, additives could potentially be used to increase the solubility. Additives could 
also enhance ionic conductivity, potentially improving VRFB performance.
6.2. Membrane Testing and Development
6.2.1. Findings
Several commercial VRFB membranes were assessed and were found to have 
relatively low ionic conductivity compared to Nafion, indicating that there is an 
upper limit to beneficial conductivity. A selection of radiation grafted membranes 
were synthesised and characterised -  they exhibit a range of conductivities, 
permeabilities and stabilities. It was found that, in general, the higher the degree of 
grafting (functionality) and conductivity of a membrane, the higher its vanadium 
cation permeability. This work indicates that there is an optimal balance between 
these properties. Chemical stability is also important and it was determined that it is 
the highly oxidising vanadium(V) species that is responsible for most chemical
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degradation. Degradation typically occurs via the loss of functional groups, which 
causes a decrease in conductivity.
Anion Exchange Membranes
Higher conductivities are achieved by using an ethylene tetrafluoroethylene (ETFE) 
backbone (as opposed to polyethylene (PE)) when synthesising amine-functionalised 
anion exchange membranes (AEMs). Synergistic effects were produced when mixing 
different amine groups on a single membrane -  combining dimethylamine (DMA) 
and l,4-diazabicyclo(2,2,2)octane (DABCO) results in higher conductivities but also 
higher vanadium permeabilities. In order to alleviate high vanadium cation 
permeability, a more crosslinked and dense membrane structure is advantageous 
(sterically hindering the permeation of vanadium cations). It was determined that 
many amine-containing functional groups are not stable in the oxidising environment 
of acidic vanadium(V).
Cation Exchange Membranes
A PE backbone gives carbonyl-functionalised membranes with higher conductivities 
compared to ETFE. The use of carboxylic acid groups to functionalise membranes 
resulted in higher stability to oxidation by vanadium(V) and lower susceptibility to 
vanadium cation permeability, relative to amine-functionalised alternatives.
6.2.2. Further Work
Anion Exchange Membranes
This work indicates that PE may have more radical sites after electron beam 
exposure, when compared to ETFE. The effect of electron beaming on PE could be 
determined by varying the radiation dose. If irradiating PE results in a greater 
number of active sites then a membrane with a higher degree of grafting 
(functionality) could be synthesised. This property could be used to design 
membranes with more crosslinking to help inhibit vanadium cation permeability.
The effect of aromaticity on conductivity, permeability and chemical stability was 
unable to be determined because grafting with aliphatic chlorobutene was
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unsuccessful, giving a final product with an ion exchange capacity (lEC) of just 0.13 
mmol g"\ Varying the reaction conditions such as time, temperature and 
concentration may increase the lEC. The addition of a surfactant may improve the 
ability of chlorobutene to access the membrane’s core. Alternatively a different 
aliphatic grafting agent could be utilised.
A synergistic effect was observed when DMA and DABCO groups were used to 
functionalise a single membrane structure. The lECs and conductivities were higher 
than the single-amine versions, with the optimal ratio being 75% DABCO and 25% 
DMA of those tested. Studies to better tailor the membranes’ properties, by further 
optimising the ratio of DABCO to DMA, may result in altered conductivity and 
permeability.
The conduction of sulfate anions is widely presumed to be the mechanism by which 
an AEM operates but the vehicular mechanism would make it possible for protons to 
be conducted via hydronium ions. It is not known which of these mechanisms is 
dominant and work to distinguish this would enable AEMs with more specific 
structure-property relationships to be designed. To determine an AEMs’ ability to 
conduct protons, a permeability cell could be used. With an acidic solution on one 
side of the membrane and a neutral solution on the other; the change in pH could be 
monitored.
The thermo-oxidative stability testing and subsequent investigations of the amine- 
functionalised AEMs were not able to determine a mechanism by which the 
functional groups are degraded. It is also unclear exactly where the functional group 
is severed from the membrane -  before or after the benzene ring. The results of the 
permeability testing and head group testing indicate that the tetramethyl imidazole 
(TMI) group degrades via a different mechanism (ring opening) to the other amine 
groups (DMA, trimethylamine (TMA) and DABCO).
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Figure 6.1 -  A small ‘free’ molecule of benzyl-TMA that would be representative of ETFE-VB- 
TMA.
By synthesising representative ‘small molecules’ (example shown in Figure 6.1) for 
each of the amine groups and exposing those compounds to the stability test 
conditions, the degradation products could be more easily examined. Techniques 
such as liquid or gas chromatography coupled with a mass spectrometer or nuclear 
magnetic resonance could be utilised. Without the complications of the polymer, a 
greater understanding of the degradation mechanism may be gained.
Cation Exchange Membranes
Unfortunately none of the carbonyl-functionalised membranes grafted very 
extensively, resulting in low lECs and reduced conductivities. Varying the grafting 
conditions may improve this -  temperature, concentration and time. PE-Acon A 
(aconitic acid, a tri-carboxylic acid group) gave the highest conductivity but with 
only 0.12 mmol g'^  of functional groups. If the lEC could be increased, then several 
membranes could be grafted with a range of lECs and conductivities to find the 
optimum conductivity for a VRPB. Further work could then be carried out to fully 
determine the stability of the carboxylic acid groups in vanadium(V) solution 
(unlikely to oxidise further).
Permeability Testing
The test method used to assess the permeability of a membrane involved a vanadium 
solution on one side of the membrane and a ‘blank’ acid solution (initially vanadium- 
free) on the other side. In a VRFB, the membrane will be exposed to mixed- 
oxidation state vanadium solutions on both sides. Theoretically, the method used in 
this work gave the highest rate of vanadium permeation due to simple diffusion laws 
that the vanadium ions would equilibrate until there is an equal concentration of 
vanadium ions on both sides of the membrane. Inside a VRFB, the vanadium
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concentration on either side of the membrane would be equal and the vanadium ions 
would be travelling in both directions across the membrane, potentially inhibiting 
permeability. Testing the membranes in the ex-situ permeability cell could be 
improved by placing vanadium solution on both sides of the membrane, which would 
be a more representative methodology.
Nanofiltration Membranes
An alternative approach to the vanadium cation permeability issue in VRFBs could 
be size separation. The hydrated vanadium ions are relatively large compared to 
protons so a filtration membrane could potentially be used to separate based on size, 
allowing protons to pass through but restricting vanadium crossover. A nanofiltration 
membrane uses nanometer sized cylindrical pores to separate moieties based on size 
and they can have a range of pore sizes from 1 to 10  A. Nanofiltration membranes 
are currently used to soften water by retaining hydrated divalent ions, such as Ca^  ^
and Mg^ ,^ while passing smaller hydrated monovalent ions (2). Testing nanofiltration 
or ceramic-based membranes in a VRFB will determine if they have advantages over 
the ion-exchange membranes typically used. Li et al. functionalised mesoporous 
silica with sulfonated poly(ether ether ketone) groups which are able to balance ionic 
conductivity with vanadium cation permeability whilst remaining stable (for 1 2 0  
charge-discharge cycles) in a VRFB (3).
6.3. Vanadium Redox Flow Battery Testing
6.3.1. Findings
A VRFB cell was set up and tested to determine its optimal operating conditions -  
electrolyte flow rate of 80 mL m in'\ graphite felt electrode compression of 
approximately 65% and a voltage window of 0.8 -  1.7 V. A current density of 4 mA 
cm'^ was required to reduce the internal resistance of the cell (2.78 Ohms) so it could 
be cycled effectively.
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The internal resistance was reduced by a factor of 5 (to 0.49 Ohms) by the novel use 
of the conductive graphite ink -  Electrodag -  as an adhesive. A 500 nm layer was 
used to secure the graphite felt electrode to the poco graphite current collector, 
significantly improving the electrical contact and therefore improving cell 
performance and efficiency. When compared with appropriate examples in literature, 
the addition of Electrodag increased the voltage efficiency whilst maintaining both 
the energy and coulombic efficiency.
6.3.2. Further Work
A 500 nm layer of Electrodag improved voltage efficiency, and investigation to 
determine the optimum thickness could result in further efficiency increases. The 
variables such as electrolyte flow rate, electrode compression and current density 
would then be optimised again for the new configuration using Electrodag. 
Following this work, the radiation grafted membranes could then be assessed in the 
VRFB, allowing conclusive structure-property relationships to be determined 
(relationship between membrane structure and functionality and the VRFB 
performance).
6.4. Review of Project Aims
6.4.1. Electrolyte Investigations
• Temperature window over which the vanadium electrolyte is stable 
Vanadium(IV) (0.1 mol dm'^) electrolyte is stable between -20°C and 50°C, but 
vanadium(III) and vanadium(V) (both at 0.1 mol dm'^) electrolytes are not stable at - 
20°C. Increasing the concentration of vanadium(IV) to 1.5 mol dm'^ results in 
lowered cold temperature stability, most likely as a result of limited vanadium 
solubility.
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• Use o f additives
Hydroxyl-containing additives were found to be susceptible to oxidation by 
vanadium(V). Additives stable to oxidation were tested and were not found to be 
beneficial to temperature stability. The concentration of vanadium and sulfuric acid 
were, however, the more important factors in determining stability.
6.4.2. Membrane Development
• Factors affecting vanadium cation permeability o f membranes
The density and degree of crosslinking with the membrane structure is crucial for 
controlling vanadium cation permeability. The ionic conductivity of a membrane is 
linked with its permeability; broadly speaking the more conductive a membrane is, 
the higher the permeation of vanadium cations.
• Factors affecting the chemical stability o f membranes
Functional groups with nitrogen-based chemistries are not stable in the oxidising 
vanadium(V) solution. Isolating the location and exact mechanism of degradation 
was problematic. Heterocyclic nitrogen-containing groups (TMI) seem to undergo a 
ring opening mechanism; whereas aliphatic ammonium groups (DMA,TMA and 
DABCO) degrade via an alternate route. Sulfonate groups are stable in vanadium(V) 
and carboxylic acid groups are stable to an extent, certainly more so than amine 
groups (further work is needed before carboxylic acid groups can be said to be 
conclusively stable).
• Synthesising a selection o f membranes with a range o f chemistries, designed 
with potential application into a VRFB in mind
A VRFB membrane requires chemical stability, ionic conductivity and low vanadium 
cation permeability. A selection of AEMs and cation exchange membranes (OEMs) 
were synthesised via the radiation grafting method. The subsequent investigation of 
their characteristics and properties, using VRFB-specific test methods, has led to an 
extensive library of results which reveal critical structure-property relationships that 
are relevant to membranes for use in a VRFB.
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The aconitic acid derived end group (tri-carboxylic acid) is relatively conductive at 
low levels of functionalization (low lEC). This group may provide a way of 
balancing conductivity and permeability by being conductive enough using fewer 
groups, thus limiting hydrophilicity and resulting in lower permeability.
The synergistic relationship that was found between DMA and DABCO may prove 
useful; despite the ammonium groups’ lack of chemical stability. Synergistic effects 
could be seen with other functional groups and may provide another route to better 
balancing conductivity and permeability.
6.4.3. Vanadium Redox Flow Battery
• Establish and optimise an operational VRFB test cell
A VRFB cell was designed, commissioned and optimised for the following -  
electrolyte flow rate, voltage window and graphite felt compression. To achieve 
successful cycling, a low current density of 4 mA cm"^  was required to overcome 
high internal resistance. Lowering the internal resistance was achieved by the novel 
application of a conductive graphite ink (Electrodag) between the felt electrode and 
the current collector (to improve electrical contact). This unique VRFB exhibited 
good performance, comparable to relevant literature, with further improvement 
considered possible through optimisation of Electrodag thickness.
• Determine the suitability o f the synthesised radiation grafted membranes and 
promising additives for use in VRFBs
Unfortunately, the VRFB commissioning and optimisation was problematic and time 
constraints meant the promising membranes and additives could not be evaluated in 
the VRFB test cell.
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Figure 7.1 from Section 4.5.1.1 (pg 71) -  Infrared spectra after each stage of membrane grafting 
for AEMs with an ETFE backbone (a peak around 2300 cm ' is atmospheric CO2). The key 
peaks for each spectra are encircled for clarity (enlarged view).
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Figure 7.2 from Section 4.5.1.1 (pg 73)- Infrared spectra after each stage of grafting for AEMs 
with a PE backbone (a peak around 2300 cm ' is atmospheric CO2). The key peaks for each 
spectrum are encircled for clarity (enlarged view).
152
Chapter 7: Appendix A
<
C
<  8 . u <<<  >  OQ : > I/)<
m  a  w  w  w  w  wa. Oh 0 .  0 .  Q« CU Oh
• §
m
o
• §
(N
. O
o
I
i
aounqjosqy
153
Chapter 7: Appendix A
<
U
é
< 
c
8 <
, ,
w  PÜ w  w
ÛH Pu CLh Ph
> c/3
>
c/2
<
O h ë
m
(N
(N
O
0
1
$
o^u^ qjosqv
Figure 7.3 from Section 4.5.2.1 (pg 89) -  Infrared spectra for each stage of grafting for CEMs 
with a PE backbone (a peak around 2300 cm * is atmospheric CO2). Top image shows the full 
spectra and image below shows a zoomed in spectra with key peaks highlighted. The key peaks 
for each spectra are encircled for clarity (enlarged view).
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Figure 7.4 from Section 4.5.2.1 (pg 91) -  Infrared spectra for each stage of grafting CEMs with
ETFE backbones (a peak around 2300 cm 
are encircled for clarity (enlarged view).
is atmospheric CO2). The key peaks for each spectra
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8. Appendix B
8.1. Conferences, Prizes and Publications 
Conferences and Training
FTI Gas Pipes Training Workshop, December 2010, Guildford 
Attended and Passed
International Flow Battery Forum (IFBF), 4-5^  ^May 2011, Edinburgh 
Attended
Scribner Fuel Cell Testing and Analysis Workshop, 8 ^^  July 2011, London 
Attended
Energy Storage Consortium Meeting, 20-2 September 2011, Oxford 
Attended and gave an oral presentation
Surrey Post Graduate Research Conference, January 2012, Guildford 
Attended and gave an oral presentation
International Flow Battery Forum (IFBF), 26-27^  ^June 2012, Munich 
Attended and presented a poster
Chemistry Department Seminar, 28^  ^November 2012, Guildford 
Attended and gave an oral presentation
Surrey Postgraduate Research Conference, January 2013, Guildford 
Attended and gave a poster presentation
156
Chapter 7: Appendix B
Anion-Exchange Membranes for Energy Generation Technologies,
25-26"' July 2013, Guildford
Attended, chaired a session and presented a poster
Annual Meeting o f the International Society o f Electrochemistry,
8-13* September 2013, Santiago de Queretaro, Mexico
Attended, gave an oral presentation and invited to submit a paper into the
special edition of Electrochimica Acta associated with the conference
Early Career Energy Sector Chemists Symposium, Energy Sector Interest Group, 
Royal Society of Chemistry, 21®^ November 2013 
Attended and gave a poster presentation
Prizes
2"  ^place poster presentation prize at the Early Career Energy Sector Chemists 
Symposium, Royal Society of Chemistry, 21®^ November 2013
Publications
Examination of amine-functionalised anion exchange membranes for possible use in 
the all-vanadium redox flow battery, S. Mallinson, J. Varcoe, R. Slade, 
Electrochimica Acta, submitted for the special ISE 2013 edition, submitted and 
accepted.
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